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ABSTRACT 
Response c h a r a c t e r i s t i c s  o f  the impact probe i n  t h e  t r a n s i t i o n a l  
regime between f ree -mo lecu le  and cont inuum f l o w s  have been i n v e s t i g a t e d  
b o t h  exper imen ta l  1y and t h e o r e t i c a l l y .  Exper imenta l  d a t a  i s  presen ted  
f o r  Knudsen numbers, based on probe d iameter ,  r a n g i n g  between 0.05 and 
10 and w i t h  nominal  Mach numbers of 1 ,  3, 6 and 10. The c o n f i g u r a t i o n s  
t e s t e d  were chosen w i t h  the v iew toward separa t  n g  i n t e r n a l  and e x t e r n a l  
probe geomet r i c  e f f e c t s  i n  the t r a n s i t i o n a l  r e g  me. Measurements were 
made w i t h  the probes h e l d  a t  the f r e e - s t r e a m  t o t a l  temperature and a t  
41% o f  t o t a l  temperature.  
The t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  probe response were based on a 
f i r s t  c o l l i s i o n  m o d i f i c a t i o n  o f  the f r e e - m o l e c u l e  model. Both i n t e r n a l  
and e x t e r n a l  e f f e c t s  a r e  c a l c u l a t e d  and good agreement i s  shown w i t h  the  
* 
exper iments.  The f r e e - m o l e c u l e  theory i s  a l s o  ex tended t o  t h e  more com- 
p l i c a t e d  i n t e r i a l  probe geometr ies wh ich  were employed i n  t h e  exper iments.  
A p p l i c a t i o n  o f  these i n v e s t i g a t i o n s  t o  f l i g h t  measurements i s  o u t l i n e d .  
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I . I NTRODUCTION 
The impact  p r e s s u r e  probe has l o n g  been employed as a p r i m a r y  i n s t r u -  . 
ment f o r  the  measurement o f  f r e e  stream c o n d i t i o n s  b o t h  i n  f l i g h t  and i n  
t h e  w lnd  t u n n e l  l a b o r a t o r y .  I t s  aerodynamic response r e l a t i v e  t o  the f r e e  
s t ream i s  r e l a t i v e l y  i n s e n s i t i v e  t o  geomet r ic  c o n f i g u r a t i o n  and a n g l e  of 
a t t a c k  and can be r e a d i l y  p r e d i c t e d  f r o m  i n v i s c i d  gas dynamics theory .  
Response i n  t h e  f r e e  m o l e c u l e  f l o w  regime, w h i  l e  s e n s l t l v e  t o  probe geo- 
metry ,  temperature,  Mach number and a n g l e  of a t t a c k ,  i s  s t i l l  i n  p r i n c l p l e  
amenable t o  a n a l y s i s .  I n  f a c t ,  exper imenta l  c o n t a c t  w i t h  the f r e e - m o l e c u l e  
reg lme i s  so i n a c c e s s l b l e  t h a t  aerodynamic c h a r a c t e r i s t l c s  I n  t h i s  reglme 
ar'e f o r  t h e  most p a r t  o n l y  known th rough a n a l y s l s .  
I n  c o n t r a s t ,  t h e  t r a n s i t i o n a l  f l o w  regimes b r l d g i n g  the  cont inuum 
and f r e e - m o l e c u l e  reg imes a r e  n o t  a c c e s s i b l e  by r i g o r o u s  a n a l y t i c a l  tech-  
n i q u e s ,  s i n c e  they  u l t i m a t e l y  r e q u i r e  s o l u t i o n s  t o  t h e  Maxwel l -Bol tzman 
e q u a t i o n s  wh lch  t r e a t  non-equl  l i b r i u m  d i s t r i b u t i o n s  o f  m o l e c u l a r  v e l o c l  t l e s .  
A t  t h e  p r e s e n t  t ime,  no g e n e r a l  s o l u t i o n  t o  these e q u a t i o n s  has been found 
wh ich  can be a p p l i e d  t o  t h e  impact probe.  There a r e ,  however, approx imate  
t h e o r i e s  based on s i m p l i f i e d  models o f  m o l e c u l a r  mechanlcs w h l c h  can be 
a p p l l e d  t o  the Impact  p robe problem. These combtned wl t h  a p p r o p r i a t e  
e x p e r i m e n t a l  t e s t s  p romise  t o  p r o v i d e  t h e  b a s i s  f o r  e x t e n d l n g  t h e  u s e f u l -  
ness o f  the impact  p r o b e  i n t o  the t r a n s i t i o n a l  reglme. 
The work d e s c r i b e d  i n  t h i s  r e p o r t  was i n i t i a t e d  I n  J u l y  1963, by the 
N a t i o n a l  Ae ronau t i cs  and  Space A d m i n i s t r a t i o n ,  Marshal  1 Space F l i g h t  Center 
( C o n t r a c t  number N A S  8-1 1046) t o  i n v e s t i g a t e  e x p e r l m e n t a l l y  and t h e o r e t l -  
c a l l y  t h e  response c h a r a c t e r i s t i c s  of  Impact  p r e s s u r e  probes I n  f l o w s  w i t h  
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t r a n s i t l o n a l  Knudsen numbers. These i n v e s t i g a t i o n s  were t o  be made w i t h  
t h e  v iew  t o  a p p l y i n g  the impact probe t o  t h e  c a l i b r a t i o n  o f  l o w  d e n s l t y  
superson ic  wind tunne l  nozz les  and t o  the measurement o f  atmospheric para-  
meters from h i g h  speed f l i g h t  v e h i c l e s .  
I I . EXPERIMENTS 
A.  P r e  1 l m i  na r y  Consi dera t tons 
w a l l s  and the probe molecu 
I n  c o n s i d c r i n g  t h e  i n  
cu  1 
co 1 
bas 
The response o f  t h e  impact probe I n  f r e e - m o l e c u l e  f l o w  i s  de te rm ined  
by t h e  c o n s e r v a t i o n  o f  mass f l u x  between f r e e  s t ream molecules which e n t e r  
the probe a p e r t u r e  and the  d e p a r t l n g  molecules which a r e  i n  thermal e q u i l l -  
b r l u m  w i t h  the probe c a v i t y .  The f ree -mo lecu le  model exc ludes cons lde ra -  
t i o n  o f  c o l l i s i o n s  among t h e  probe molecules o r  between probe and f r e e  
s t ream molecules.  A l l  c o l l i s i o n s  o f  s i g n i f i c a n c e  a r e  between the  probe 
es o r  the  f r e e  s t ream molecules.  
t i a l  stages o f  t r a n s i t i o n  f rom t h e  f ree -mo le -  
t o  cont inuum response l e v e l s  i t  i s  o f t e n  u s e f u l  t o  employ a r t f I r s t  
i s i o n "  m o d i f l c a t i o n  t o  the f ree-molecule model I n  which most o f  t h e  
c f e a t u r e s  o f  f r e e  mo lecu le  flow a r e  r e t a i n e d ,  I .e.,  t he  j u x t a p o s I t l o n  
o f  two c lasses  o f  mo lecu les ,  f r e e  s t ream and probe, each w l t h  M a x w e l l t a n  
d i s t r i b u t i o n s  and the  conserva t l on  o f  mass between f r e e  s t ream mo lecu les  
e n t e r i n g  and probe molecules l e a v i n g  the  probe. The f i r s t  c o l i i s l o n  model 
does, however, c o n s i d e r  t h e  e f f e c t s  o f  s i n g l e  c o l  I t s i o n s  between f r e e  
s t ream and probe molecu les .  
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These i n t e r m o l e c u l a r  c o l l l s i o n s  can occu r  b o t h  i n s l d e  and o u t s i d e  of 
the probe. The e x t e r n a l  e f f e c t s  i n v o l v e  s c a t t e r i n g  o f  f r e e  s t ream mole- 
c u l e s  away from the p a t h  o f  the probe a p e r t u r e  by c o l l i s l o n s  w i t h  probe 
molecules e m i t t e d  e i t h e r  f r o m  the s o l i d  f r o n t  f a c e  or from t h e  a p e r t u r e .  
Th is  e f f e c t ,  t aken  a lone ,  reduces t h e  f l u x  o f  f r e e  s t ream molecules i n to  
the  a p e r t u r e  and thus reduces the probe c a v i  t y  p r e s s u r e  r e l a t i v e  t o  the 
i d e a l i z e d  f r e e . m o l e c u l e  l e v e l .  Two compet ing i n t e r n a l  e f f e c t s  can be 
v i s u a l i z e d  which f o s t e r  addi  t i o n a l  e f f e c t s .  F i r s t ,  i n  a manner analogous 
t o  f r o n t  f ace  s c a t t e r i n g ,  molecules which would leave t h e  probe a r e  
s c a t t e r e d  near  the t h r e s h o l d  o f  the a p e r t u r e  by c o l l i s i o n s  w i t h  e n t e r i n g  
f r e e  s t ream molecules.  Secondly, c o l  l i s i o n s . b e t w e e n  f r e e  s t ream and 
probe molecules reduce the number o f  f r e e  s t ream mo lecu les  t h a t  p e n e t r a t e  
t o  a g i v e n  s t a t i o n  i n s i d e  o f  the probe. I n  e f f e c t ,  t h e  probe molecules 
o f f e r  ano the r  mode o f  w a l l  c o n t a c t  f o r  the f r e e  s t ream mo lecu les  so t h a t  
i n t e r m o l e c u l a r  c o l l i s l o n s  tend  to  hasten the r e d u c t i o n  o f  t he  f r e e  s t ream 
m o l e c u l a r  p o p u l a t i o n  w i t h i n  the probe r e l a t l v e  t o  t h e  d i s t r i b u t i o n  d e t e r -  
mined by w a l l  c o l l i s i o n s  a l o n e  I n  i d e a l i z e d  f r e e - m o l e c u l e  f l o w .  
These i n t e r n a l  e f f e c t s  a r e  o f  no consequence i n  the  case o f  t he  
i d e a l  o r i f i c e  probe where the a p e r t u r e  l e n g t h  i s  n e g l i g i b l e  and the dimen- 
s i o n s  o f  the c a v i t y  a r e  l a rge ,  r e l a t i v e  t o  the  a p e r t u r e  d lamete r .  However, 
f o r  a p e r t u r e s  w i t h  f i n i t e  l eng th -d iamete r  r a t i o s  the  i n t e r m o l e c u l a r  c o l l i -  
s i o n s  e f f e c t i v e l y  s h o r t e n  the a p e r t u r e  l eng th ,  o r  f r o m  a n o t h e r  v i e w p o i n t ,  
reduce the e f f e c t i v e  speed r a t i o  o f  the f r e e  s t ream f l o w .  I t  w i l l  be 
shown i n  a l a t e r  s e c t l o n  t h a t  the numer l ca l  t rea tmen ts  g i v e n  by de Leeuw 
and Rothe (1962) and Pond (1962) i n  e x t e n d i n g  C l a u s l n g ' s  t h e o r y  o f  f r e e -  
mo lecu le  f l o w  through tubes t o  the impact probe, can be m o d i f i e d  to 
approxlrnate t h e  t r a n s i t i o n a l  e f f e c t s  o f  I n t e r m o l e c u l a r  c o l  I l s l o n s .  
The impact probe exper iments  were des igned t o  i n v e s t i g a t e  t r a n s l -  
t i o n a l  response c h a r a c t e r i s t i c s  i n  f l o w  regimes where these f l r s t - c o l l i -  
s i o n  e f f e c t s  c o u l d  be expec ted  t o  have a p p l i c a t i o n .  Both t h e  o r l f t c e  
type  and t h e  s t r a i g h t  bore,  i .e., very  l a r g e  a p e r t u r e  !/d c o n f i g u r a -  
t ions were used. The f i r s t  enabled a s y s t e m a t i c  s t u d y  o f  v a r i a t i o n s  i n  
i n t e r n a l  probe geometry, p a r t i c u l a r l y  f o r  smal 1 va lues  o f  a p e r t u r e  
The s t r a i g h t  b o r e  c o n f i g u r a t i o n s  p r o v i d e d  the  l i m i t i n c j  o p p o s i t e  ext reme 
f o r  i n t e r n a l  geometry r e l a t i v e  t o  t h e  o r i f i c e  probes and a l s o  r e p r e s e n t e d  
the c o n f i g u r a t i o n  most f r e q u e n t l y  used by o t h e r  i n v e s t i g a t o r s .  The 
exper iments a r e  d e s c r i b e d  and r e s u l t s  d iscussed r e l a t i v e  t o  t h e  r e s u l t s  
o f  f i r s t - c o l l i s i o n  ana lyses  f o r  i n t e r n a l  and e x t e r n a l  e f f e c t s .  The 
e s s e n t i a l  f e a t u r e s  o f  these analyses a r e  o u t l i n e d  i n  S e c t i o n  1 1 1 .  
f/d. 
B. D e s c r i p t i o n  o f  L a b o r a t o r y  F a c i l i t i e s  
The expepiments were d i v i d e d  between the LOW Dens 
b o t h  f a c i l i t i e s  a r e  e s s e n t i a l l y  i d e n t i c a l .  They cons 
d r i c a l  tanks (IO f e e t  x 20 f e e t )  wh ich  a r e  cryopurnped 
gaseous h e l i u m  r e f r i g e r a t o r s .  These r e f r i g e r a t o r s  i n  
t y  Wind Tunne a t  
the  U n i v e r s l  t y  o f  Southern C a l i f o r n i a  E n g i n e e r i n g  Center and t h e  Hyper- 
A l t i t u d e  S i m u l a t i o n  F a c i  I i  t y  o f  the Naval  M i s s i  l e  Center,  Point Mugu, 
C a l i f o r n i a .  So f a r  as low d e n s l t y  w i n d  t u n n e l  o p e r a t i o n s  a r e  concerned, 
in-  s t  o f  l a r g e  c y  
u s i n g  300 w a t t  
com b i na t 1 on w I 
t h e  condensers were capab le  of c o n t i n u o u s l y  pumping a t  r a t e s  o f  0.7 
as h i g h  as 2 gm/sec. Both tanks a r e  f i t t e d  w i t h  l a r g e  va 
l a t e  t h e  condenser f r o m  the  main chamber i n  o r d e r  to perm 
gm/sec o f  n l  t r o g e n  w i t h  i n t e r m i t t e n t  runs  as long as a m i n u t e  f o r  r a t e s  
ves w h i c h  i s o -  
t vacuum breaks 
4 
w i t h o u t  the  n e c e s s i t y  of warming up t h e  condenser.  These v a l v e s  a l s o  
s e r v e  a s  t h r o t t l e s  t o  f a c i  l l t a t e  the ma tch ing  o f  chamber p r e s s u r e  w l t h  
n o z z l e  ex1 t pressuke fo r  s p e c i f i c  s t a g n a t i o n  c o n d i t i o n s  and n o z z l e  con- 
f i g u r a t  Ions. 
Tes ts  were made i n  f l o w s  from f i v e  d i f f e r e n t  n o z z l e s  w i t h  nomina l  
Mach numbers o f  1 ,  3, 6, 9 and I O .  T h e i r  genera l  c o n f i g u r a t i o n s  a r e  
shown i n  F i g u r e  1 .  The Mach 1 nozz le  i s  the Mach 3 n o z z l e  w i t h  c o n i c a l  
s k i r t  downstream o f  t h e  t h r o a t  removed. The Mach 9. r ,ozz le  was used on ly  
i n  t h e  U S C E C  f a c l l i t y  and the  Mach 10 n o z z l e  o n l y  i n  the  Point Mugu f a c l l -  
i ty ;  t h e  o t h e r s ,  Mach numbers 1, 3 and 6, were used i n  b o t h  f a c i  I 1  t i e s .  
With t h e  e x c e p t i o n  o f  t h e  Mach 9, t h e  w a l l s  of a l l  n o z z l e s  were c o o l e d  
w i t h  l l q u l d  n i t r o g e n .  The t e s t  gas fo r  a l l  runs was n i t r o g e n  a t  300 K. 
Tab le  1 g i v e s  p e r t i n e n t  dimensions and p r o p e r t i e s  o f  t h e  n o z z l e s  a t  v a r i o u s  
s t a g n a t i o n  c o n d i t i o n s .  The methods used f o r  c a l i b r a t i o n  a r e  d e s c r i b e d  In 
S e c t i o n  I I - E  where d a t a  r e d u c t i o n  and c o r r e l a t l o n  procedures f o r  t h e  impact  
probes a r e  d iscussed.  
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C. D e s c r l p t i o n  o f  Probes 
The geometry o f  t h e  b a s i c  o r l f i c e  probe Ser ies  A des igns  I s  I l l u s -  
t r a t e d  In F i g u r e  2. The a p e r t u r e  was c e n t e r e d  i n  a t h i n  f l a t  f a c e  w l t h  
d i a m e t e r  equa l  to 0.2 o f  the o u t s i d e  d i a m e t e r  and l e n g t h  equa l  to 0.25 
o f  the  a p e r t u r e  d iameter .  The c a v i t y  beh ind  t h e  a p e r t u r e  was 0.8 0 
and had a l e n g t h  o f  IO D. T h i s  geometry was a p p l i e d  t o  a s e t  o f  5 probes 
r a n g i n g  i n  d iamete r  from 0.05 inches t o  1.0 inches.  These were used to 
c a l i b r a t e  t h e  n o z z l e s  and, a t  the same t i m e  t o  e s t a b l i s h  the  response 
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c h a r a c t e r l s t l c s  of t h e  d e s l g n  o v e r  a f a c t o r  o f  200 range I n  Knudsen 
number . 
V a r l a t l o n s  i n  a p e r t u r e  R / d  were I n v e s t i g a t e d  w l t h  t h e  S e r l e s  8 
l / d  c o n f l g u r a t l o n s ,  i n  wh ich  a l l  geomet r ic  f e a t u r e s  except  a p e r t u r e  
were f l x e d  o n  a s e t  o f  f l v e  0.1 i n c h  d lameter  probes. 
between 0.1 and 2 .  Another  0.1 d iameter  probe was c o n s t r u c t e d  I d e n t l -  
c a l  t o  t h e  
45'. 
A / d  ranged 
!/d = 2 probe except  t ha t  i t s  f r o n t  f a c e  was chamfered 
The r e l a t i v e  o u t p u t s  o f  these t w o  probes p r o v l d e d  a measure o f  
e x t e r n a l  f r e e  s t ream s c a t t e r i n g  e f f e c t s  fran t h e  probe f a c e  because of  
t h e l r  i d e n t i c a l  I n t e r n a l  geometry. 
The S e r i e s  C s t r a i g h t  b o r e  probes had an i n t e r n a l  R / d  o f  about  
40 w l t h  o u t s i d e  d iameters  r a n g i n g  f r o m  0.032 inches  to 0.375 Inches.  
The Ser les  A and B probes \vere t e s t e d  a t  amblent  ten iperature (about  
290°K) and a t  125'K. 
n i t r o g e n  l i n e  t o  the  probe base a t tachment  f i t t i n g .  
A l l  o f  the  S e r l e s  A and B probes, e x c e p t  those o f  S e r l e s  A ,  0.5 Inches 
and 1.0 Inches i n  d iameter ,  were made o f  b rass .  For these t h e  thermal  
c o n d u c t i o n  r a t e  f r o m  base t o  t l p  exceeded the combined r a d l a t l v e  and 
gas c o n d u c t i o n  losses  by a f a c t o r  o f  3 o r  4. Temperatures were measured 
on t h e  :-inch copper t u b i n g  j o i n i n g  t h e  probe t o  t h e  a t tachment  f l x t u r e .  
The e s t i m a t e d  inc rement  i n  tempera ture  between measurement po int  and 
probe t i p  i s  l e s s  t h a n  5 K. The S e r l e s  C probes were made of s t a i n l e s s  
s t e e l  and t h e l r  thermal  c o n d u c t i o n  p r o p e r t l e s  were so poor t h a t  no 
cool lng runs  w e r e  at tempted.  
C o o l i n g  was accompl lshed by a t t a c h i n g  a l l q u l d  
(See F l g u r e  3). 
0 . 
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D. D e s c r i p t i o n  o f  Apparatus and l n s t r u m e n t a t l o n  
A movable probe c a r r i a g e  p e r m i t t e d  the c o n s e c u t i v e  t e s t i n g  of f i v e  
c o n f i g u r a t i o n s  per  run.  Each group o f  f i v e  were connected to a comnon 
m a n i f o l d  through s o l e n o i d  ope ra ted  i s o l a t i o n  v a l v e s .  M a n i f o l d  p r e s s u r e  
I 
was measured w i  t h  a movable diaphragm d i f f e r e n t i a l  p r e s s u r e  t ransducer  
w i t h  a v a r i a b l e  capac i tance  sensor. The nominal  range o f  t h i s  i n s t r u -  
ment was 0-600 microns Hg., I t  was c a l i b r a t e d  w i t h  a dev i ce  wh ich  i n t r o -  
duces i nc remen ta l  measured q u a n t i t i e s  o f  gas i n t o  a known t e s t  volume. 
The minimum lnc remen ta l  p ressu re  s t e p  used i n  t h e  c a l i b r a t i o n  was 
I - + 0.1 microns.  
r e a d i n g  i n  the range 10-500 p Hg. 
The t ransducer  produced a l i n e a r  o u t p u t  w i t h i n  1% o f  
The r e f e r e n c e  s i d e  o f  t he  t r a n s d u c e r  
was vented t o  the t e s t  chamber. Chamber p ressu re  was measured w i t h  a 
McLeod gauge i n  the U S C E C  f a c l  li t y  and w i  t h  a thermocouple p ressu re  
t ransducer  i n  the P o i n t  Mugu f a c i l i t y .  Both i n s t r u m e n t s  were capable 
o f  r e s o l v l n g  0 . 2 ~  i n  t h e  range 0 . 5 ~  t o  2 0 p  . Reservo i r  s t a g n a t i o n  
p ressu res  w e r e  measured w i t h  the same t ransducer  as the  impact probes 
a t  Mach numbers 1 and 3 w i t h  a v a r i a b l e  i n c l i n a t i o n  u n i t y  0 1 1  manometer 
a t  the h i g h e r  Mach numbers. Accuracy o f  the l a t t e r  l n s t r u m e n t  was 
w i  t h i n  I f  of  reading.  
I n  a t y p i c a l  sequence o f  t e s t i n g ,  a g i v e n  f l o w  c o n d i t i o n  was 
e s t a b l i s h e d  and each probe c o n f i g u r a t i o n  was p o s i t i o n e d  i n  t u r n  a t  the 
n o z z l e  c e n t e r l i n e  and v a l v e d  i n t o  the  p r e s s u r e  t ransducer .  Typlcal 
response t imes f o r  the measurement v a r i e d  f rom a few seconds to t h r e e  
m inu tes ,  depending on p r e s s u r e  l e v e l  and probe geometry. 
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E. Data Reduct ion  and C o r r e l a t i o n  
c 
* 
Measured impact  p ressures  were n o r m a l l z e d  w i t h  t h e  I d e a l t z e d  R a y l e i g h  
impact  p r e s s u r e  d e r i v e d  f r o m  n o z z l e  c a l i b r a t l o n s .  S ince  t h e  v a r i a t i o n  i n  
n o z z l e  boundary l a y e r  t h l c k n e s s ,  Mach number, F iay le lgh pressure ,  etc. ,  
wh ich  accompany the  v a r i a t i o n  i n  r e s e r v o i r  p r e s s u r e  a r e  l a r g e  I n  low den- 
s i  t y  nozz les,  t h e  n o z z l e  c a l i b r a t i o n  i n v o l v e s  t h e  s lmu l taneous c a l i b r a t i o n  
of b o t h  the n o z z l e  and t h e  probe c o n f l g u r a t l o n  used i n  t h e  c a l l b r a t l o n .  
I t  was assumed i n  the  p r e s e n t  c a l l b r a t l o n  procedure  t h a t  t h e  t r a n s 1  t i o n a l  
response p r o p e r t l e s  o f  t h e  g e o m e t r i c a l l y  s l m i l a r  probes o f  S e r l e s  A, 
c h a r a c t e r l z e d  by the r a t i o  o f  measured p r e s s u r e  t o  R a y l e i g h  p r e s s u r e  versus 
Knudsen numbers a r e  n o t  a l t e r e d  f o r  t h e  l i m i t e d  range of  Mach numbers p r o -  
duced by a s l n g l e  n o z z l e .  With t h i s  assumpt ion t h e  R a y l e i g h  impact  p r e s s u r e s  
a s s o c i a t e d  w i t h  the  v a r i o u s  r e s e r v o i r  s t a g n a t l o n  pressures  d r i v i n g  t h e  
n o z z l e  a r e  s l m p l y  those w h i c h  f o r c e  t h e  c o r r e l a t l o n  o f  t h e  measurements 
f rOm a 1 1  Ser ies  A probes and a t  a1 1 r e s e r v o l  r p ressures .  The d a t a  were 
f i r s t  normal I zed w i  t h  r e s e r v o i  r pressure  and p l o t t e d  a t  c o n s t a n t  r e s e r v o i  r 
p r e s s u r e  versus a * p r o v l  s iona 1 Knudsen number based on t r i a l  e s t i m a t e s  o f  
Mach number and Reynolds number. W 1  t h  t h i s  p l o t ,  d e t e r m l n a t l o n s  o f  R a y l e i g h  
r e s e r v o i r  p r e s s u r e  r a t l o s  
c o n s t a n t  r e s e r v o l  r p r e s s u r e  d a t a  on a s l n g l e  c h a r a c t e r l s t l c  probe response 
c u r v e  of Pm/Pot versus  Knudsen number. The f i n a l  Knudsen numbers were 
based on t h e  Mach numbers and Reynolds numbers co r respond ing  to t h e  de- 
r i v e d  va lues  o f  
F l g u r e s  4b, 4c and 4d f o r  t h e  f i n a l  c a l l b r a t l o n  r e s u l t s  o f  the  Mach number 
5, 6 and IO nozz les .  I n  the  case o f  t h e  s o n l c  n o z z l e  the  chamber p r e s s u r e  
Po/Po ' were made w h l c h  c o r r e l a t e d  a l l  o f  t h e  
Po' /Po.  The success o f  t h e  method 1s i l l u s t r a t e d  I n  
8 
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I 
c 
., 
was a d j u s t e d  t o  t h e  son1 c - e x 1  t p ressu re  c o r r e s p o n d l n g  to  the v a r l o u s  
r e s e r v o l r  p r e s s u r e  s e t t l n g s  and the Mach number was taken  as unlty. 
F l n a l  v a l u e s  o f  Mach numbers and Reynolds numbers were d e r i v e d  f r o m  
t h e  r a t l o  of Ray le lgh  impact pressure and r e s e r v o i r  p ressu re .  
The 0.9 power law was used for  t h e  temperature dependence o f  v l s -  
cos1 t y  In the Reynolds number d e t e r m l n a t l o n .  Reference condl  t i o n s  were 
taken a t  200OK. 
b e t t e r  f l t t o  exper imen ta l  v l s c o s i t y  measurements f o r  t he  temperature 
ranges cons ide red  than  does the  Su the r land  approx lma t lon .  
Th is  app rox lma t lon  Is c f  s i m p l e r  f o rm and y l e l d s  a 
Thermal t r a n s p i r a t i o n  c o r r e c t l o n s  a s s o c i a t e d  wl t h  the :-Inch t u b i n g  
cooled I s o l a t l o n  va l ves  were Imposed 
ng t h e  techn iques  o f  Arney and B a l l e y  
c o n n e c t l n g  the probes t o  the 
f o r  t he  runs w i t h  probe c o o l  
( 1962) 
F. R e s u l t s  
1 .  S e r l e s  A Probes 
. 
water 
ng us 
Wlth the e x c e p t i o n  o f  the case f o r  Mach number 10, the  t r a n s l t l o n a l  cha r -  
a c t e r i s t i c s  shown i n  F l g u r e  4 f o r  t h e  S e r l e s  A probes were measured o v e r  a large 
enough Knudsen number range t o  b r l n g  the  responoe t o  w l t h l n  a few p e r c e n t  o f  the 
t h e o r e t l c a l  f ree -mo lecu le  va lue.  I n  s p i t e  o f  t h l s ,  t he  d a t a  d l s p l a y r  l i t t l e  
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tendency o f  f o l l o w l n g  an a s y m p t o t l c  approach to t h e  f ree -mo lecu le  l e v e l  
as t h e  f i r s t  c o l l l s l o n  t h e o r y  suggests .  The t h e o r y  does, however, p r e d t c t  
r a t h e r  w e l l  t h e  o v e r - a l l  e x t e n t  o f  the t r a n s l t l o n  i n t e r v a l  as ev ldenced by 
the s l o p e  o f  the  d a t a  and t h e o r y  on t h e  s e m l - l o g  p lo t .  
A s  m i g h t  be expec ted  f r o m  t h e  r e s u l t s  o f  o t h e r  I n v e s t i g a t o r s ,  n o t a b l y  
P o t t e r  and B a i l e y  (1963), and Matthews (1958), I t  was found t h a t  f r e e  s t ream 
Knudsen number Is  n o t  a s u i t a b l e  parameter  fo r  c o r r e l a t i o n  o f  t h e  l n l t l a l  
r i s e  of probe response from the cont inuum l e v e l .  
have shown t h a t  t h e  parameter ,  
v iscous  l a y e r  and merged l a y e r  concepts and have s u c c e s s f u l l y  used I t  to . 
c o r r e l a t e  a l a r g e  body o f  e x p e r l m e n t a l  d a t a  I n  these f l o w  regimes. The 
s u b s c r i p t  "2" r e f e r s  t o  c o n d l t i o n s  b e h l n d  t h e  l n v i s c l d  normal shock and 
P o t t e r  and B a i l e y  (1963) 
1 
Re2 ( P2/Pa,) '  , i s  c o n s i s t e n t  w l t h  t h e  
p2/p,,, i s  t h e  normal shock d e n s i t y  r a t i o .  The r e c i p r o c a l  o f  t h e  parameter  
has been used t o  c o r r e l a t e  the  S e r l e s  A p robe d a t a  fo r  a l l  Mach numbers I n  
F i g u r e  5. T h l s  has t h e  e f f e c t  o f  sh 
s t ream Knudsen number, by f a c t o r s  o f  
t l v e l y ,  f o r  Mach numbers 1 ,  3, 6 and 
The p r e s s u r e  response parameter  
f t i n g  t h e  o r d  n a n t ,  r e l a t  
0.670, 0.275, 0.322 and 0 
IO. 
(Pn- Pol ) / (PF-  P o 1 ) ,  t h a  
ve to  f r e e  
420, respec- 
i s ,  t h e  
r a t i o  o f  the  d i f f e r e n c e  of  measured and R a y l e i g h  impact  p r e s s u r e s  t o  t h e  
d i f f e r e n c e  of  f r e e - m o l e c u l e  and R a y l e l g h  lmpact  p ressure ,  Is used I n  o r d e r  
t o  n o r m a l i z e  t h e  v a r l o u s  l e v e l s  of  f ree-molecu le  response a t  d l f f e r e n t  
Mach numbers. I t  Is seen t h a t  the I n i t i a l  r l s e  r e l a t i v e  t o  these parameters 
cor responds to va lues  o f  ReZ( p z / p o o )  of 0.05 to  0.10. T h l s  Is In 
s u b s t a n t i a l  agreement w l t h  t h e  P o t t e r  and B a i l e y  (1963) r e s u l t  wh lch  shows 
- 1  
t h e  r l s e  b e g l n n l n g  a t  10-20 r e l a t l v e  to Rez (pZ /pm)* .  
i n d i c a t e s  t h a t  the  c o r r e l a t l o n  extends w e l l  beyond t h e  l n l t l a l  r l s e  polnt  
F l g u r e  5 also 
10 
p a r t i c u l a r l y  f o r  the lower Mach numbers. W l t h  i n c r e a s i n g  Mach numbers, 
d e p a r t u r e  f r o m  t h e  l i n e  o f  c o r r e l a t l o n  occu rs  a t  c o r r e s p o n d i n g l y  lower  
va l ues  o f  
quence o f  the i n t e r n a l  geometry of the Ser les  A probe and w i  1 1  be d i scussed  
i n  S e c t i o n  3 below. 
- 1  
Re2( p 2/poo ) . T h i s  f e a t u r e  i s  b e l i e v e d  t o  be a conse- 
2. A p e r t u r e  d / d  E f f e c t s  
numbers wh ich  were t e s t e d .  I n  the l a t t e r  case, c o l l i s i o n s  between 
st ream and probe molecules a r e  o n l y  accounted  f o r  w l t h l n  the l e n g t h  
the a p e r t u r e  and no c o r r e c t i o n  I s  made f o r  the e f f e c t s  o f  t he  d l s t r  
The r e s u l t s  o f  t he  a p e r t u r e  l / d  e f f e c t s  measured w i t h  the  S e r l e s  B 
probes a r e  summarized l n  F i g u r e s  6a through 6d. T h e o r e t l c a l  va lues a r e  
shown b o t h  f o r  t h e  f ree -mo lecu le  l l m i t  and f o r  t he  t r a n s l t l o n a l  Knudsen 
r e e  
o f  
bu- 
t l o n s  o f  c o l l i s i o n s  on the tube w a l l  and w i t h  molecules a f t  o f  t h e  aper-  
t u r e .  Rather ,  the l e v e l s  f o r  these t h e o r e t i c a l  va lues  a r e  a r b l t r a r l l y  
s e t  a t  t he  measured va lue  co r respond ing  t o  
i t a t e  the  comparison o f  exper imen ta l  and t h e o r e t i c a l  l / d  e f f e c t s .  The 
t h e o r e t l c a l  f ree -mo lecu le  values, however, do account  f o r  t h e  c o l l i s i o n  
d i s t r i b u t i o n  o f  f r e e  s t ream molecules w l t h  the tube w a l l s  and the  tube- 
a p e r t u r e  j u n c t i o n  e f f e c t s  f o r  molecules l e a v i n g  t h e  tube, as w e l l  as t h e  
a p e r t u r e  4 / d  
l / d  = z e r o  I n  o r d e r  t o  f a c l l -  
e f f e c t s  computed by deLeeuw and Rothe (1962) for  t h e  
l z e d  a p e r t u r e  open ing  I n t o  a l a r g e  c a v l t y .  
The most e v i d e n t  f e a t u r e s  d i a p l a y e d  by these p l o t s  a r e  t h e  p e r s t s -  
t e n c -  of  f ree-molecule p r e s s u r e  r i s e  c h a r a c t e r i s t i c s  I n t o  t h e  t r a n s 1  tlonal 
i dea 
P 
regime o f  Knudsen numbers fo r  smal l  values o f  l / d  and the  a b r u p t  depar- 
t u r e  f rom t h i s  t r e n d  between l L / d  = 1 and l / d  = 2 . The l a t t e r  f e a t u r e  
becomes i n c r e a s i n g l y  pronounced wl t h  I n c r e a s i n g  Mach number. I t  i s  a t t r l -  
bu ted  t o  c o l l i s i o n s  between f ree -s t ream and probe mo lecu les  w l t h l n  t h e  
a p e r t u r e  s e c t i o n  and the  f a c t  t h a t  these c o l i i s i o n s  have a l a r g e r  e f f e c t  
a t  h i g h e r  Mach numbers 
d i r e c t e d  and the probab1, l i ty  o f  f r e e  stream c o l l i s i o n s  w i t h  the  a p e r t u r e  
w a l l  i s  reduced. In e f f e c t ,  t he  c o l l i s i o n s  between f r e e  stream and probe 
molecules w i t h i n  the a p e r t u r e  tend t o  "cut  o f f "  the a p e r t u r e  l eng th .  
because the  e n t e r i n g  m o l e c u l a r  f l u x  1s more 
An a d d i t i o n a l  i l l u s t r a t i o n  o f  t h i s  e f f e c t .  i s  f ound  I n  F i g u r e  7 where 
the response c h a r a c t e r i s t l c s  of the s t r a i g h t  b o r e  ( S e r i e s  C )  probes a r e  
p resen ted  I n  the same form used f o r  the Ser ies  A probes i n  F i g u r e  5 .  I t  
i s  seen t h a t ,  a s  b e f o r e ,  the p o i n t s  o f  l n i t l a i  p r e s s u r e  r i s e  a r e  c o r r e l a t e d  
w i t h  the parameter ReZ( P,..JP,) . The most n o t a b l e  f e a t u r e  I n  F i g u r e  
7 ,  however, i s  t he  v a r i a t i o n  w i t h  Mach number of the i n t e r v a l  o f  Knudsen 
number requ i  r ed  t o  complete the  t rans1  t i o n  t o  the f ree -mo lecu le  response 
i eve 1 s . 
- 1  
A t  Mach numbers 1 and 3 i t appears t h a t  a t w o  o r d e r  o f  magnl tude 
change I n  Knudsen number i s  s u f f i c l e n t ,  w h i l e  a t  Mach number 10 a four 
o r d e r  o f  magnitude change may be r e q u i r e d .  T h i s  1s due t o  a r e l a t i v e l y  
h i g h e r  p robab i  I i t y  f o r  the f r e e  stream molecules t o  p e n e t r a t e  deep I n t o  
t h e  a p e r t u r e  b e f o r e  s t r i k i n g  the w a l l  a t  t he  h i g h e r  Mach numbers. 
c o r r e s p o n d l n g l y  g r e a t e r  r e d u c t i o n s  I n  m o l e c u l a r  d e n s i t y  i n s i d e  o f  the  
probe must be ach ieved  i n  o r d e r  t o  e i l r n l n a t e  a l l  b u t  a n e g l l g i b l e  number 
o f  m o l e c u l a r  c o l l i s i o n s  and b r i n g  about the  f ree -mo lecu le  d i s t r I b u t I o n  
of c o l l i s i o n s  between f r e e  stream molecules and t h e  I n t e r i o r  probe w a l l s  
and  b r i n g  about  t h e  f ree -mo lecu le  d i s t r i b u t i o n .  
Thus, 
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The e l i m i n a t i o n  o f  m o l e c u l a r  c o l l i s i o n s  i s  f u r t h e r  r e t a r d e d  by the 
f a c t  t h a t  t h e  h l g h e r  Mach numbers p roduce  l a r g e r  p r e s s u r e  Increments 
r e l a t i v e  t o  t h e  R a y l e i g h  impact  p ressure  f o r  probes w i t h  l a r g e  l / d  
a p e r t u r e s .  
3. E f f e c t s  o f  I n t e r i o r  Geometry 
I t  i s  now c o n v e n i e n t  t o  make a t  l e a s t  a q u a l i t a t i v e  comment on t h e  
d e p a r t u r e s  of  t h e  Mach numbers 6 and 10 data f r o m  the  Ser ies  A probe 
c o r r e l a t i o n  curves  i n  F i g u r e  5. I n  f r e e - m o l e c u l e  f l o w ,  the tube s e c t i o n s  
a f t  o f  t h e  a p e r t u r e s  on t h e  Ser ies A and B probes a r e  i n  e v e r y  sense 
impact  tubes w i t h  r e s p e c t  t o  the f r e e  s t ream molecu les  wh ich  have not 
s u f f e r e d  c o l l i s i o n s  w i t h  the  a p e r t u r e  w a l l s .  W i t h  a procedure analogous 
to  t h a t  used t o  compute t h e  pressure  response o f  impact tubes w l t h  f i n i t e  
a p e r t u r e  l / d  , the  p r e s s u r e  r i s e  a s s o c i a t e d  w i t h  the  d l s t r t b u t l o n  of 
f r e e  s t ream molecu le  c o l l i s i o n s  on the  tube w a l l s  can be computed p r o v l d e d  
due account  i s  taken o f  the  e f f e c t  o f  the  a p e r t u r e  on the  end when con- 
s i d e r i n g  t h e  f l u x  o f  mo lecu les  o u t  o f  the tube. The d i f f e r e n c e s  between 
t h e  response o f  t h e  Ser ies  A probes ( w i t h  a p e r t u r e  l / d  = 0.25) and t h e  
i d e a l i z e d  I n f i n 1  t e  c a v l  t y  case, wl t h  the  same a p e r t u r e  l / d  , 1 s  only  a 
few p e r c e n t  a t  Mach numbers 1 and 3; b u t  i t  r i s e s  t o  13$ a t  Mach number 
6 and t o  27% a t  Mach number 10. T h i s  l a r g e r  c o n t r i b u t l o n  from t h e  tube 
s e c t i o n  a t  h i g h e r  Mach numbers is a t t r i b u t e d  t o  t h e  l a r g e r  f r a c t i o n  o f  ' 
f r e e  s t ream molecu les  t h a t  g e t  th rough t h e  a p e r t u r e  and t h e  h l g h  proba- 
bi i i t y  t h a t  these will t r a v e l  f a r  I n t o  the tube b e f o r e  c o l l i d i n g  w i t h  the 
wall. 
is 
The t r a n s  1 t 
1 and 3 a r e  n e g l  
However, f o r  t he  
on e f f e c t s  a s s o c i a t e d  w i  th tube s e c t i o n  a t  Mach numbers 
g i b l e  s i n c e  the t o t a l  f r e e  mo lecu le  e f f e c t  i s  o n l y  5s. 
h i g h e r  Mach nurnbePs, f u l l  t r a n s i t i o n  t o  t h e  f r e e  mole- 
c u l e  response w i l l  n o t  be r e a l i z e d  u n t i l  a l l  b u t  a n e g l i g i b l e  f r a c t i o n  
o f  t he  m o l e c u l a r  c o l l i s i o n s  w i t h i n  the tube s e c t i o n  a r e  e l l m l n a t e d .  
Thus, I n  F i g u r e  5 the l ong  e / d  
w i t h  the tube s e c t i o n ,  and s i m i l a r  t o  the s t r a i g h t  b o r e  probe c h a r a c t e r -  
i s t i c s ,  a r e  seen t o  emerge from the l i n e  c o r r e l a t i n g  what a r e  e s s e n t i a l l y  
the a p e r t u r e  t r a n s  i t i o n  c h a r a c t e r i s  t I c s .  
t rans1 t i o n  c h a r a c t e r i s t i c s  a s s o c i a t e d  
4. E x t e r n a l  C o l l i s i o n  E f f e c t s  
C o l l l s i o n s  between molecules e m l t t e d  f rom the f r o n t  f a c e  o f  an 
impact probe and f r e e  s t ream molecules I n  the  p a t h  o f  I t s  a p e r t u r e  con- 
s t i  t u t e  the rema in ing  source o f  t r a n s i  t i o n a l  e f f e c t s .  T h e o r e t i c a l  
t rea tmen ts  o f  t h i s  problem u s i n g  f l r s t  c o l  l l s i o n  c o n s i d e r a t l o n s  have 
been made by L i u  (1958) and more r e c e n t l y  by K ins low  and P o t t e r  (1963) 
i n  connec t ion  w i t h  the  d rag  o f  a sphere. M o d i f i c a t i o n s  t o  these 
analyses a r e  o u t l i n e d  below i n  Sec t l on  1 1 1 .  
An exper iment  des igned t o  secure a measure of  these s c a t t e r l n g  
e f f e c t s  was performed by measur ing t h e  r e l a t i v e  responses o f  two Ser Ies  
B probes h a v i n g  i d e n t l c a l  i n t e r n a l  geometr ies,  i .e . ,  D = 0.10 and 
k / d  - 2.0 , b u t  w i t h  d i f f e r i n g  e x t e r n a l  geometr les.  One had t he  s tan -  
d a r d  f l a t  f a c e  o f  t he  A and B Ser ies probes w h i l e  the  f a c e  o f  the o t h e r  
was chamfered a t  45 . 0 
I f  i t  i s  assumed t h a t  r e f l e c t i o n s  from t h e  f a c e  a r e  d i f f u s e  and  t h e  
e f f e c t  o f  the  chamfered face 1s to  d i  l u t e  the  i r l t e n s i t y  o f  t h e  e f f u s e d  
molecu les  wh ich  can produce s c a t t e r i n g  c o l l i s i o n s  b y  t h e  r a t l o  o f  t h e  
p r o j e c t e d  f r o n t a l  a r e a  t o  t h e  a c t u a l  a r e a  o f  t h e  chamfered face,  t h e n  
the  r a t i o  o f  s c a t t e r i n g  i n t e n s i t y  from the  chamfered f a c e  to  t h a t  for 
t h a t  of  t h e  f l a t  f a c e  i s  c o s +  , where #I i s  the  chamfer  a n g l e .  
Now r e f e r r i n g  t o  t h e  f i g u r e ,  l e t  
= t h e  s c a t t e r i n g  f r a c t l o n  a s s o c l a t e d  w i t h  the  f l a t  f a c e  
f 2  = t h e  s c a t t e r i n g  f r a c t l o n  a s s o c i a t e d  w i t h  t h e  chamfered f a c e  
fo  = t h e  s c a t t e r i n g  f r a c t i o n  a s s o c i a t e d  w i t h  t h e  a p e r t u r e  . 
P = measured impact  p ressure  for  f l a t  f a c e d  probe 
m 
'm 
1 
1 
2 
= measured impact  p ressure  f o r  chamfered f a c e d  probe 
then 
f 2  = f ,  cos+ 
and 
- -  Pm2 - ( I - f o  - f t  cos+,/ ( I -  fo - f , )  
Pm I 
i s  
I f  t h e  a p e r t u r e  to  face area r a t l o  i s  small ,  as l t  Is for  t h e  S e r l e s  B 
c o n f i g u r a t i o n s ,  then f << 1 and n o t l n g  NI/N = 1 - f l  
0 
The measurements from the chamfered and f l a t  f a c e d  probes, expressed 
I n  the fo rm o f  Eq. (3), a r e  presented I n  F i g u r e  8 and compared w l t h  t h e  
s c a t t e r i n g  t h e o r y .  I t  i s  seen t h a t  t h e  measurements tend  t o  f a v o r  L l u ' s  
(1958) a n a l y s i s  and g i v e  ev idence o f  l e s s  s c a t t e r i n g  than  t h a t  p r e d l c t e d  
by the  t h e o r y  o u t l i n e d  i n  the  p resen t  paper. The l e v e l  o f f  and subsequent 
r i s e  o f  the measurements a t  low Knudsen numbers r e f l e c t s  t h e  l i m i t  of t h e  
f ree -mo lecu le ,  :If1 r s t  collision" I n t e r p r e t a t i o n  o f  t h e  d a t a  and, no doubt, 
a l s o  i n d i c a t e s  t h e  l i m l t  t o  which t h e  t h e o r y  Is a p p l l c a b l e .  
. 
5. Probe C o o l i n g  E f f e c t s  
I 
F l g u r e s  4a and 4b show t h e  response c h a r a c t e r i s t t c s  o f  t h e  S e r l e s  A 
probes w l t h  w a l l  temperatures h e l d  equa l  t o  the f r e e  s t ream t o t a l  tempera- 
t u r e  and t o  0.41 o f  t o t a l  temperature.  The most n o t a b l e  d i f f e r e n c e  between 
t h e  two cases i s  the' tendency o f  t h e  c o o l e d  probes p r e s s u r e s  to  i n i t i a l l y  
f a l l  be low b o t h  t h e  cont inuum and f r e e - m o l e c u l e  response l e v e l s  and then, 
a t  the h i g h e s t  Knudsen numbers, t o  approach the  f r e e - m o l e c u l e  l e v e l .  T h i s  
non-monotonic b e h a v i o r  I s  c l e a r l y  e v i d e n t  a t  Mach numbers 3 and 6 and i s  
16 
.. 
. 
- 
i m p l i e d  a t  Mach number 10 where Knudsen number was presumedly not high 
enough t o  reve rse  the  downward t r e n d  i n  p ressu re  response. 
Wh i le  t h e r e  was n o t  s u f f i c i e n t  o p p o r t u n i t y  under the  p r e s e n t  c o n t r a c t  
t o  pursue these c o o l i n g  e f f e c t s  w i t h  d e t a i  l e d  a n a l y s i s  or  w i  th add1 t i o n a l  
exper iments,  1 t appears i r o b a b l e  t h a t  t he  observed b e h a v i o r  r e s u l t s  from 
the competi t l o n  between e x t e r n a l  and I n t e r n a l  t r a n s i t i o n a l  e f f e c t s .  There 
I can be no doubt t h a t  i n t e r n a l  e f f e c t s  a r e  i n v o l v e d  th roughou t  t h e  t r a n s l -  
t l o n  i n t e r v a l  s t a r t i n g  a t  Knudsen numbers = 0.2. F i g u r e s  9a, 9b and 9c 
show the  response o f  the Ser les B probes when coo led  t o  tempera ture  r a t i o  
Tw/To = 0.41. 
probes a r e  i d e n t i c a l  and so shou ld  have i d e n t i c a l  e x t e r n a l  e f f e c t s .  The 
d i f f e r e n c e s  shown i n  F i g u r e  9 a re ,  then, due e n t i r e l y  t o  the  e f f e c t s  of  
a p e r t u r e  l / d .  The & d  = 0.1 and 0.5 cases e x h i b i t  the same b e h a v i o r  as 
t h e  S e r i e s  A probes ( w i t h  l i d  = 0.25) and even the 
cases show a de lay  i n  t h e  beg lnn lng  o f  t h e  t r a n s i t i o n a l  p r e s s u r e  r i s e  when 
compared w i t h  the uncooled case5 shown i n  F i g u r e  6. 
The e x t e r n a l  geometry and s i z e  o f  a l l  o f  the Ser ies  6 
t / d  = 1 and l / d  = 2 
Addl t i o n a l  exper iments,  designed t o  determine more e x t e n s i v e l y  t h e  
e x t e r n a l  e f f e c t s  o f  t r a n s i t i o n  and the  e f f e c t s  of c o o l i n g  on b o t h  i n t e r n a l  
and e x t e r n a l  e f f e c t ,  w l  I i  have t o  be per formed i n  o r d e r  t o  g a i n  a c l e a r e r  
p l c t u r e  o f  t he  r e l a t i v e  importance o f  these e f f e c t s .  For example, t h e  
chamfered probe data,  as shown i n  F i g u r e  8, c o u l d  be ex tended to h i g h e r  
and lower Knudsen numbers by t e s t i n g  s m a l l e r  and l a r g e r  g e o m e t r l c a l l y  
s i m i  l a r  probes, and the p e r t i n e n c e  of  the i n t e r p r e t a t i o n  p l a c e d  on the  
d a t a  c o u l d  be assessed w i t h  the  t e s t i n g  o f  o t h e r  chamfer angles.  I n  a d d i -  
t i o n ,  o t h e r  probe temperatures should be i n v e s t i g a t e d  w i t h  t h e  view to  
more c l o s e l y  s i m u l a t i n g  a c t u a l  f l i g h t  c o n d i t i o n s  a t  v a r i o u s  Mach numbers. 
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1 1  1 . THEORETICAL ANALYSIS 
A .  H o d i f l c a t l o n  of Free Mo lecu la r  F low  L l m l t  fo r  Ser ies  A Probes 
I n  f r e e  m o l e c u l a r  f l o w  the  p ressu re  measured b y  a gauge depends 
upon the geometry o f  the t u b i n g  connec t ing  the gauge t o  the a p e r t u r e  of 
the probe. Pond (1962) and deLeeuw and Rothe (1962)  have made c a l c u l a -  
t l o n s  o f  t h e  f r e e  m o l e c u l a r  response of  gauges mounted on s t r a l g h t  b o r e  
tubes. These ana lyses  a r e  a l s o  a p p r o p r l a t e  f o r  o r l f l c e  t ype  probes t h a t  
a r e  connected to  t h e  gauge c a v i t y  by l a r g e  d lameter  t u b l n g  such t h a t  t h e  
o r l f l c e  d lamete r  Is n e g l i g l b l e  by cornparlson. I n  t h i s  s e c t l o n  cons ide ra -  
t l o n  w i l l  be g i v e n  t o  the  change I n  c a v l t y  p r e s s u r e  caused by t h e  use of 
a f l n l t e  o r i f l c e  to  tube d lameter  r a t i o s .  
Us ing  the geometry shown I n  F l g u r e  2,  the probe c o n s i s t s  o f  an aper-  
t u r e  s e c t i o n  of d iamete r  d and l e n g t h  4 connected t o  t h e  gauge c a v i t y  
by a tube o f  d iamete r  D and leng th  L . The p ressu re  a t  t he  gauge 
c a v i  t y  w i  1 1  be assumed t o  r e s u l t  f rom a p ressu re  r i s e  across t h e  a p e r t u r e  
s e c t i o n  and a p r e s s u r e  r i s e  across the  tube s e c t i o n .  The p r e s s u r e  r i s e  
ac ross  the a p e r t u r e  s e c t i o n  w i  1 1  be t h a t  g l v e n  by the r e s u l t s  o f  deLeeuw 
and Rothe (1962)  fo r  a probe w i t h  geometry l / d  I f  a c o r r e c t i o n  i s  made 
f o r  any non-Maxwel l ian  d i s t r l b u t i o n  o f  the f l o w  r e t u r n i n g  i n t o  t h e  aper-  
t u r e  s e c t i o n .  The non-Haxwel l lan d i s t r l b u t i o n  t h a t  I S  s l g n i f l c a n t  a t  a 
change I n  tube c r o s s - s e c t l o n  r e s u l t s  from t h e  gas f l c w l n g  i n  t h e  tube. 
I n  vacuum technology i t  Is commonly r e f e r r e d  t o  a s  "tearntng." The p r l -  
mary p r e s s u r e  r l s e  I n  the c o n n e c t f n g  tube r e s u l t s  from those mo lecu les  
t h a t  passed th rough  t h e  a p e r t u r e  s e c t l o n  w i t h o u t  w a l l  c o l l l s l o n s .  A 
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secondary p ressu re  change would r e s u l t  f rom the  non-Maxwell t a n  d i s t r l  bu- 
t i o n  o f  the  molecules t h a t  e n t e r  the tube s e c t l o n  a f t e r  s t r i k i n g  the  w a l l  
i n  t he  a p e r t u r e  s e c t l o n .  This  secondary pressure change I s  small and 
wi 1 1  be n e g l e c t e d .  I f  the molecules t h a t  pass through the  a p e r t u r e  s e c t i o n  
w i t h o u t  a c o l l i s i o n  e n t e r  the tube s e c t l o n  w i t h  the same v e l o c l t y  d i s t r l -  
b u t i o n  as those e n t e r i n g  the a p e r t u r e ,  the pressure r l s e  ac ross  the  tube 
s e c t i o n  c o u l d  be r e l a t e d  t o  the r e s u l t s  o f  deLeeuw and Rothe f o r  a probe 
w i t h  geometry L / D  . Any change I n  v e l o c i t y  d i s t r i b u t i o n  wou ld  be manl-  
f e s t e d  by a change i n  the d i s t r i b u t i o n  o f  c o l l i s i o n s  on the  w a l l  o f  t h e  
probe. When a comparison i s  made o f  t he  d i s t r i b u t i o n  o f  w a i l  c o l i l s i o n s  
between molecules e n t e r i n g  an open tube, and molecules e n t e r i n g  t h e  same 
I 
tube when equipped w i t h  a s m a l l  a p e r t u r e  o f  n e g l i g i b l e  l eng th ,  I t  i s  found 
t h a t  w h i l e  t h e  d i s t r i b u t i o n  i s  a l t e r e d ,  the p r imary  e f f e c t  o f  the a p e r t u r e  
i s  t o  s h i f t  the s t a r t i n g  p o i n t  f o r  the d i s t r i b u t i o n .  Assuming t h e  s h i f t  
i s  t he  o n l y  s l g n i f l c a n t  change I n  the d i s t r i b u t l o n ,  and d e n o t i n g  t h e  s t a r t -  
i n g  p o i n t  by L' , the pressure r l s e  ac ross  the s e c t i o n  of  the tube between 
t h e  s t a r t i n g  p o i n t  and the gauge c a v i  t y  can be r e l a t e d  t o  the p r e s s u r e  of 
a s t r a i g h t  bore tube w i t h  geometry ( L  - L ' ) / D .  
= f r a c t i o n  o f  t h e  Incoming molecules t h a t  a r r l v e  a t  
NcU) 
NI 
-
w i t h o u t  c o l l l d i n g  w i t h  the  a p e r t u r e  wall 
= pressure I n  a s t r a l g h t  bore tube w l t h  geometry 
D ( L  - L ' ) / D  
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Pi = r e f e r e n c e  pressure equa 
b e h i n d  an l n f l n l t e l y  t h  
t h e  same temperature as 
t o  t h e  p r e s s u r e  measured 
n o r i f i c e  l n  a c a v l t y  a t  
t h e  probe 
The assumpttons l e a d i n g  t o  Eq. (4 )  were based on the comparison l n v o l v l n g  
a t h i n  a p e r t u r e .  
wou ld  e x i s t  i f  t h e  a p e r t u r e  had a f i n i t e  l e n g t h .  I n  t h e  even t  t he  d i s t r l -  
b u t i o n  i s  changed by the  f i n i t e  a p e r t u r e  l e n g t h ,  t he  degree o f  change will 
i n c r e a s e  as  t h e  f r a c t l o n  o f  Incoming mo lecu les  t h a t  pass th rough  the  aper -  
t u r e  decreases. S i n t e  fewer  molecules will be I n v o l v e d  I n  any a l t e r e d  
d i s t r i b u t i o n ,  t he  e f f e c t s  o f  t h e  a l t e r a t i o n  w i l l  be lessened. Fo r  t h e  
p r e s e n t  a n a l y s i s  any e f f e c t s  w i l l  be i gno red .  
I t  i s  n o t  obv ious t h a t  a s i m i l a r  v e l o c i t y  d i s t r i b u t i o n  
The p ressu re  r i s e  ac ross  the l e n g t h  L '  can be o b t a i n e d  f r o m  t h e  
" l o n g  tube' '  a p p r o x i m a t i o n .  (See Dushman, 1962, f o r  example). 
The gauge p ressu re  can now be approxlrnated by 
The l a s t  t e rm I n  t h l s  e x p r e s s i o n  I s  a s e m i - e m p i r i c a l  c o r r e c t l o n  t o  accoun t  
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for  the  f a c t  t h a t  the p ressu re  drop through a s e r i e s  o f  canponents i s  l e s s  
than t h e  sum o f  the  p ressu re  drops through the i n d l v i d u a l  u n i t s .  T h i s  i s  
caused by m o l e c u l a r  "beaming" i n  the tube t h a t  r e s u l t s  i n  a non-Maxwel l ian  
v e l o c i t y  d i s t r i b u t i o n  a t  the j u n c t i o n  o f  the components. 
€3. E x t e r n a l  T r a n s i t i o n a l  E f f e c t s  
When the  s t ream d e n s i t y  increases, molecules rebounding f r o m  t h e  probe 
face  w i  1 1  t r a v e l  ahead o f  t h e  probe and c o l  l i d e  w i t h  f r e e  s t ream molecu les .  
Some o f  these c o l l i s i o n s  wi 1 1  i n v o l v e  f r e e  s t ream molecules t h a t  were p ro -  
ceeding i n t o  the a p e r t u r e  and, as a consequence o f  t h e  c o l l l s i o n ,  these 
incoming mo lecu les  w i l l  be d i v e r t e d  o r  s c a t t e r e d  f r o m  t h e  p a t h  of t h e  aper-  
t u r e .  W h i l e  o t h e r  f r e e  stream molecules may be d i v e r t e d  i n t o  the a p e r t u r e ,  
t he  p r o b a b i l i t y  o f  t h i s  o c c u r r i n g  i s  smal l  due t o  the sma l l  s o l i d  a n g l e  swept 
o u t  by the  a p e r t u r e .  
I 
L i u  (1958) and K ins low  and P o t t e r  (1963) have I n v e s t i g a t e d  t h e  s c a t t e r -  
and 
C 
by molecules rebounding from a probe f a c e  
e the c a l c u l a t i o n  d e t a i l s  d i f f e r ,  t h e  bas 
s t h a t  any c o l l i s i o n  between a m o l e c u l e  
i n g  o f  f r e e  s t ream molecules 
a sphere, r e s p e c t i v e l y .  Whi 
assumpt ion  i n  b o t h  ana lyses  
l e a v i n g  the body and a f r e e  s t r e a m  mo lecu le  l o c a t e d  I n  t h e  c o l l i s i o n  zone 
p r e v e n t s  t h a t  m o l e c u l e  f rom s t r i k i n g  the body. The c o l l i s i o n  zone 1 s  
d e f i n e d  as  t h e  c y l i n d e r  e x t e n d i n g  f o r w a r d  f r o m  the body w i t h  a c ross-sec-  
t i o n a l  a r e a  equal  t o  the p r o j e c t e d  area o f  t h e  body. 
U s l n g  t h i s  b a s i c  assumption, and d e n o t l n g  t h e  f r a c t l o n  of t h e  re- 
bound ing  mo lecu les  t h a t  c o l l i d e  w i  t h  f r e e  s t ream mo lecu les  i n  t h e  c o l  llslon 
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. 
/ N  , I t  Is found t h a t  t he  r a t e  a t  which molecules s t r i k e  
N l , a ,  1 
zone by 
a u n l t  area on the  body Is g i v e n  by 
o r  
N I  I 
The r e s u l t s  o f  c a l c u l a t l o n s  o f  t h i s  term u s i n g  the  two b a s i c  approaches 
a r e  p resen ted  I n  F i g u r e  IO. A l s o  i n c l u d e d  a r e  the r e s u l t s  of a more e x a c t  
/ N  was c a l c u l a t e d  as t h e  numer l ca l  a n a l y s i s  f o r  the same t e r m  where 
f r a c t i o n  o f  t he  reboundlng molecules t h a t  c o l l i d e d  w l t h  f r e e  stream mole- 
c u l e s  be fo re  pass ing  through the s u r f a c e  o f  the c o l l i s i o n  zone. 
N l d ,  1 
The r e s u l t s  o f  the  a n a l y s i s  which was s i m i l a r  to  t h a t  by K lns low  and 
P o t t e r  (1963) show the most c o l l l s i o n s  s i n c e  t h a t  approach a p p l l e s  t h e  
maximum c o l l i s i o n  f requency, I .e., the c e n t e r l i n e  va lue,  o v e r  the  e n t i r e  
c r o s s - s e c t i o n  o f  t h e  c o l l l s l o n  zone. The r e s u l t s  of L i u  (1958) show t h e  
l e a s t  c o l  I i s l o n s ,  s i n c e  the approx ima t ion  used o v e r e s t l m a t e s  the r a d i a l  
expansion o f  the rebounding molecules near the  probe face.  
C. I n t e r n a l  T r a n s i t l o n a l  E f f e c t s  
1 .  l n t r o d u c t l o n  
As was o u t l i n e d  i n  t h e  p r e l l m t n a r y  d l s c u s s l o n  of S e c t l o n  I I ,  
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i n t e r m o l e c u l a r  c o l  l i s i o n s  w i t h i n  the probe have two. I m p o r t a n t  e f f e c t s .  
One e f f e c t  i s  t he  tendency o f  t he  incoming mo lecu les  t o  h i n d e r  probe 
molecules f rom l e a v i n g  the e x i t .  Since t h e  i n v e s t i g a t i o n  o f  t h l s  pheno- 
menon w i  1 1  be l i m i t e d  t o  col I i s i o n s  w i t h  o u t g o i n g  molecules t h a t  wou ld  
n o t  n o r m a l l y  c o l l i d e  w i t h  e i t h e r  the w a l l  o r  ano the r  probe mo lecu le  
b e f o r e  l e a v i n g  the probe, the e f f e c t s  o f  t h i s  process w i l l  be dominated 
by c o l l i s i o n s  near  the a p e r t u r e .  
The second e f f e c t  r e s u l t s  f rom the  c o l l i s i o n s  causing the  Incoming 
molecules t o  l ose  most o f  t h e i r  d i r e c t e d  c h a r a c t e r  b e f o r e  they s t r i k e  t h e  
w a l l .  This has a s i m i l a r  e f f e c t  t o  moving the  d l s t r i b u t i o n  o f  w a l l  c o l l i -  
s i ons  f o r w a r d  and tends t o  reduce the gauge c a v i t y  p ressu re .  The e f f e c t s  
o f  t h i s  process a r e  s i g n i f i c a n t  all a l o n g  t h e  w a l l s  o f  t he  probe. 
2 .  i n t e r n a l  S c a t t e r i n g  
i n  o r d e r  t o  determine the number o f  p robe  molecules t h a t  a r e  p re -  
vented from g o i n g  o u t  the a p e r t u r e  by c o l l i s i o n s  w i t h  incoming molecules 
i t  w i l l  be necessary  to: ( 1 )  determine t h e  d i s t r i b u t i o n  o f  c o l l i s i o n s  
between incoming molecules and prcjbe mo lecu les ;  ( 2 )  de te rm lne  the  number 
o f  these probe molecules t h a t  were d i r e c t e d  towards t h e  a p e r t u r e ;  and 
(3) determine the  number o f  these aper tu re -bound  molecules t h a t  wou ld  
have proceeded t o  the a p e r t u r e  w l  t h o u t  c o l  l i d i n g  w l  t h  a probe molecule.  
I n  o r d e r  to e s t i m a t e  the  c o l l l s l o n  r a t e  between incoming  and probe 
molecules,  i t  Is necessary  to cons ide r  t h e  decrease I n  lncomlng  mo lecu les  
y t i c a l  due t o  c o l l i s i o n s  w i t h  the w a l l .  I t  
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s c o n v e n i e n t  t o  use an ana 
a p p r o x i m a t i o n  f o r  the f r e e  molecular  f l u x  o f  incoming mo lecu les  t h a t  have 
n o t  s t r u c k  t h e  w a l l  a t  a s t a t l o n  x . I n  t h i s  approx mat ion,  i t  i s  assumed 
t h a t  t he  v e l o c i t y  d i s t r i b u t i o n  o f  t h e  incomlng molecu es t h a t  have not 
s t r u c k  t h e  w a l l  Is unchanged a long  t h e  l e n g t h  o f  the tube. I n  t h l s  case 
the  f r a c t l o n  o f  t he  Incoming molecules t h a t  have n o t  s t r u c k  t h e  w a l l  
be comes 
NC(x) 
= exp - - NI  D 
2 [ I  + erf (SI] r =  
exp - s2 t f i  s [I t e r f ( ~ ) ]  
(9) 
X 
erf ( x  1 =F! 2 exp - y 2  dy 
0 
I f  t h e  r a d i a l  t r a v e l  o f  t h e  molecules I s  l g n o r e d  I n  the  c a l c u l a t l o n  
o f  t h e  d i s t a n c e  t r a v e l e d ,  the c o l l l s l o n  r a t e  between Incoming molecules 
and probe molecules i s - o b t a i n e d  by m u l t i p l y l n g  Eq. (9) by 
dx where x 
exp - ( x / x  o o - l  1 
Is t he  mean f r e e  p a t h  between Incoming molecules and 
probe molecules r e l a t l v e  t o  t h e  probe and must be cons lde red  as an average 
v a l u e  s i n c e  the  d e n s i t y  changes w l t h  a x i a l  l o c a t i o n  i n  t h e  probe. 
03 - 1  a0-T 
O f  these c o l l i s i o n s ,  app rox ima te l y  o n e - h a l f  were w l t h  probe molecules 
t h a t  were movlng toward the a p e r t u r e  end o f  t he  probe. The f r a c t l o n  of 
t hese  molecules t h a t  were d i r e c t e d  toward the a p e r t u r e  can be o b t a l n e d  f r o m  
f r e e  m o l e c u l a r  f l o w  concepts.  Assuming t h a t  t h e  c e n t e r l i n e  c o n d l t t o n s  a r e  
r e p r e s e n t a t l v e  of  t h e  c ross -sec t l on ,  t he  f r a c t l o n  o r i e n t e d  toward the o r l f l c e  
I s  g l v e n  by I / [  1 + ( h / D ) * ]  . 
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The f r a c t l o n  o f  these probe molecules t h a t  wou ld  have proceeded t o  
t h e  o r l f l c e  w i t h o u t  f u r t h e r  c o l l l s l o n s  w l t h  o t h e r  probe molecu les  i s  
exp(-  x/X where A ,  I s  the mean f r e e  p a t h  o f  t h e  probe molecules.  
I f  a l l  o f  these m o d i f l c a t l o n s  a r e  a p p l l e d  t o  Eq. (9)  and the r e s u l t  
i n t e g r a t e d  o v e r  t h e  c o l l l s l o n  l e n g t h  t h e r e  i s  o b t a i n e d  
Nm- l  = r a t e  o f  c o l l i s i o n s  p e r  u n l t  area o f  e n t e r i n g  
molecules w l  t h  probe mo lecu les  t h a t  ( 1 )  were 
wou 1 d 
ecu i e s  
d i  r e c t e d  toward t h e  a p e r t u r e ,  and 
n o t  have c o l  l i d e d  wl t h  o t h e r  probe 
b e f o r e  r e a c h i n g  t h e  a p e r t u r e  
The upper l i m l  t on t h i s  exp ress ion  w i  1 1  v a r y  w i t h  the probe geometry 
s l n c e  i t  s h o u l d  i n c l u d e  the l eng th  o f  the  o r i f i c e  and some c h a r a c t e r i s t i c  
d i s t a n c e  I n t o  the c a v i t y  t o  account f o r  i n t e r n a l  s c a t t e r l n g  I n  t h l s  r e g l o n .  
S ince t h l s  i n t e g r a l  must be e v a l u a t e d  by approx ima te  methods, and s l n c e  I t  
i s  found t h a t  the p r e s s u r e  c o r r e c t i o n  r e s u l t l n g  f rom t h l s  t e r m  I s  sma l l ,  
the i n t e g r a l  has been eva lua ted  w i t h  an upper l i m i t  o f  i n f i n i t y .  T h l s  
produces an e r r o r  o f  l e s s  than  15% In the c o r r e c t l o n  term i f  the  a p p r o p r l a t e  
d i s t a n c e  i s  g r e a t e r  t han  a mean f r e e  pa th .  T h i s  r e s u l t  Is i n c l u d e d  I n  
I 
Figure 10. 
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3. Hod F l c a t l o n  of I / d  E f f e c t  Due t o  I n t e r n a l  C o l l i s i o n s  
When lncomlng molecules s t r i k e  probe molecules,  t he  lncomlng mole- 
c u l e s  a r e  d l v e r t e d  from t h e i r  o r l g l n a l  t r a j e c t o r y .  Due t o  the d i r e c t e d  
n a t u r e  
s i ons  
c a v l  t y  
rece I v 
genera 
o f  the incoming molecules,  t h e r e  i s  a tendency f o r  these c o l l l -  
o r e s u l t  I n  bo th  molecules hav ing  an a x i a l  mo t ion  toward the gauge 
b u t  I n  a d d i t i o n  the c o l l i s i o n s  u s u a l l y  r e s u l t  l n  b o t h  molecules 
ng a r a d i a l  component o f  v e l o c i t y .  Th is  r a d l a l  component w i l l  
i y  cause b o t h  molecules t o  c o n t a c t  the w a l l  b e f o r e  moving any 
. 
s l g n i f i c a n t  a x i a l  d l s tance .  A s  a r e s u l t  o f  
assumed t h a t  bo th  molecules l ose  any d l r e c t  
leave the w a l l  wl t h  t h e  random d i s t r i b u t i o n  
t h i s  w a l l  c o l l i s i o n ,  I t  I s  
onal  c h a r a c t e r i s t i c s  and 
5 i nce the i n t e r m o  1 ecu 1 a r 
c o l l l s i o n s  occur  b e f o r e  the lncomlng molecules a r r i v e  a t  the a x i a l  loca-  
t i o n  o f  the wall c o l l ' l s i o n  I n  f r e e  mo lecu la r  f l ow ,  the  p r i n c i p a l  e f f e c t  
o f  these I n t e r m o l e c u l a r  c o l l i s i o n s  i s  t o  cause the incoming molecules to  
lose  t h e i r  d l r e c t e d  c h a r a c t e r  nearer the a p e r t u r e  than they would I n  t h e  
f r e e  mo lecu la r  f l o w  case. I n  order t o  e v a l u a t e  the e f f e c t  o f  these c o l l i -  
s l o n s  i t  w i l l  be assumed t h a t  an Incoming molecule loses i t s  d i r e c t e d  
v e l o c i t y  upon i t s  f i r s t  c o l l i s l o n  w i t h  e l t h e r  a probe molecule o r  t h e  
w a l l .  Th is  corresponds t o  the c o n d i t i o n  o f  n e g l l g i b l e  a x i a l  movement by 
the  Incoming molecule between the , In termolecular  c o l l i s i o n  and t h e  n e x t  
w a l l  c o l l i s i o n .  
Since t h i s  assumption has the e f f e c t  o f  a l t e r i n g  the d l s t r t b u t I o n  of  
t h e  l n l t i a l  c o l l i s i o n s  of Incoming molecules w l t h  the w a l l ,  I t  i s  necessary 
to  determine the  e f f e c t  o f  t h i s  a l t e r e d  d i s t r i b u t l o n  on the  gauge pressure.  
The a n a l y s i s  o f  t h i s  e f f e c t  will be l i m i t e d  t o  s t r a i g h t  b o r e  probes. 
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. 
Both Pond (1962) and deLeeuw and Rothe( 1962) used t h e  b a s l c  develop-  
ment o f  C l a u s l n g  (1932) t o  determine t h e  f r e e  m o l e c u l a r  p r e s s u r e  I n  a 
s t r a l g h t  bore  probe. 
p r e s s u r e  can be approx imated b y  
By u s i n g  the c o n t i n u i t y  e q u a t i o n ,  they  show t h a t  t h e  
= f r a c t i o n  of incoming molecu les  t h a t  a r r l v e  a t  
t h e  gauge c a v l t y  
m 
N 
e v a l u a t e d  a t  C = 0, i .  ., p robab l  li t y  
t h a t  a random molecu le  w i l l  p roceed t h r o u g h  
t h e  tube b e f o r e  r e t u r n i n g  t o  the  e n t r a n c e  
The term N,/Nl can be expressed by 
p a p r o b a b i l l t y  t h a t  a molecu le  s t r i k i n g  t h e  w a l l  
a t  x w l  I 1  a r r l v e  a t  t h e  gauge c a v l  t y  b e f o r e  
I t  a r r l v e s  a t  the  a p e r t u r e  
Equat ions  (11,12) were d e r l v e d  f o r  f r e e  m o l e c u l a r  flow, b u t  t h e y  w l l l  
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a p p l y  t o  the  t r a n s i t l o n a l  f l o w  I f  the  e f f e c t s  o f  I n t e r m o l e c u l a r  c o l l i -  
s l o n s  a r e  I n c l u d e d  i n  t h e  t e n s .  
The term Nc/N, , w h l c h  corresponds t o  those molecu les  t h a t  have 
not s t r u c k  the  w a l l ,  must be m o d i f l e d  s l n c e  I n  the  t r a n s i  t l o n a l  f l o w  
a n a l y s l s  the  l n l t l a l  c o l l l s l o n s  between incoming and probe molecu les  a r e  
t o  be c o n s l d e r e d  e q u i v a l e n t  t o  w a i l  c o l l l s l o n s .  I f  t h e  r a d i a l  m o t l o n  o f  
t h e  incoming molecules I s  neglected,  the  t r a n s i t i o n a l  f l o w  c o l l l s t o n  
te rm ( N ~ / N , ) ~  becomes 
I 
exp - - 
XCQ- I 
T h i s  term can be e v a l u a t e d  by u s l n g  t h e  n u m e r i c a l  methods of Pond 
(1962) and deLeeuw and Rothe (1962) or l e s s  a c c u r a t e l y  by u s l n g  t h e  a p p r o x l -  
mat i o n  presented  I n  Eq. (9). 
Another  term l n  Eq. (12)  that may v a r y  w t h  t h e  Knudsen number Is t h e  
p r o b a b i l i t y  term p . Some exper lmenta l  resu  t s  o b t a i n e d  from t h e  f l o w  o f  
gases In tubes c o n n e c t i n g  large chambers have been summarized b y  Dong and 
Bromley (1961). 
unchanged I f  t h e  Knudsen number i s  g r e a t e r  than u n l t y .  I t  has been argued 
t h a t  t h l s  Is  t h e  r e s u l t  o f  two opposlng c o n d i t l o n s  b r o u g h t  about  b y  t h e  
l n t e r m o l e c u l a r  c o l l i s i o n s .  These c o l l l s l o n s  tend t o  Impede t h e  p r o g r e s s  
o f  the  molecu les  s l n c e  the mean f r e e  p a t h  between c o l l i s l o n s  Is e f f e c t l v e l y  
reduced, b u t  a t  t h e  same t i m e  the c o l l l s l o n s  tend to g e n e r a t e  a mass motlon 
I n  t h e  tube. These tendenc les  e f f e c t l v e l y  cance l  one a n o t h e r  u n t l l  t h e  
Knudsen number decreases be low u n l t y  where t h e  mass motlon dominates and 
s l t p  f l o w  begins.  
These r e s u l t s  l n d l c a t e  t h a t  the p r o b a b l  1 1  t y  Is e s s e n t l a l l y  
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The p l  t o t  probe represents  a more unlque condl  t 
chance f o r  a mass mo t lon  t o  develop, This Is due t o  
f l o w  a t  a l l  s t a t l o n s  i n  the  tube. Since the re  is no 
o n  s i n c e  t h e r e  Is no 
the l a c k  of n e t  mass 
n e t  mass f l o w ,  I t  
would be expected t h a t  the e f f e c t  o f  l n t e r m o l e c u l a r  c o l l l s l o n s  would be 
t o  reduce the probabl  1 i t y .  
l ong  tubes t h i s  r e d u c t l o n  i s  approxlmatel)  - 4 u i v a l e n t  t o  i n c r e a s l n g  the  
e f f e c t i v e  tube d/d by 
Pol l a r d  and Present (1948) have shown t h a t  f o r  
P r e l l m i n a r y  c a l c u l a t i o n s  i n d l c a t e  t h a t  t h i s  approach tends t o  ove r -  
e s t i m a t e  the changes I n  p r o b a b l l l t y  f o r  s h o r t  tubes. Slnce I t  appeared 
t h a t  a much more s o p h t s t i c a t e d  a n a l y t l c a l  and exper l rnental  l n v e s t i g a t l o n  
would be r e q u i r e d  t o  r e s o l v e  t h l s  problem, the s i m p l e s t  assumptlon was 
made, t h a t  the probabi  i i  t i e s  a r e  unchanged by the i n t e r m o l e c u l a r  c o l l i s i o n s .  
C laus ing  (1932) developed an approx imat ion f o r  the p r o b a b l l i t y  term 
whlch has the form 
p 
X p = a + ( I  - 2 0 )  T 
a = f u n c t i o n  o f  l/J o n l y (approx l rnate ly  
equal t o  one -ha l f  o f  the C laus lng  
f a c t o r  for  t h a t  l / d  ). 
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I f  Eq. (16) i s  used i n  Eq. ( l l ) ,  the r e s u l t i n g  va lue  o f  gauge p r e s s u r e  
must then be c o r r e c t e d  for  e x t e r n a l  o r  i n t e r n a l  s c a t t e r i n g .  Be fo re  a p p l y -  
i n g  t h i s  c o r r e c t i o n  however, I t  I s  u s e f u l  t o  compare the u n c o r r e c t e d  
p ressu res  o b t a i n e d  from the numer i ca l  approach of  deleeuw and Rothe (1962) 
w i t h  these o b t a i n e d  f r o m  the approx ima t ion ,  E q .  (9) .  T h l s  a p p r o x i m a t i o n  
I s  p a r t i c u l a r l y  conven ien t  s i n c e  a c l o s e d  s o l u t i o n  can be o b t a i n e d  f o r  
a r-l + - I - e x p -  d Am-, 
rr 1 t ( I  - 2 0 )  - +- 
d .  Am- I 
The u n c o r r e c t e d - p r e s s u r e s  r e s u l t i n g  f rom the use o f  E q .  (17) o r  numer- 
l c a l  c a l c u l s t l o n s  w i t h  Eq. ( 1 1 )  a r e  compared a t  S = 2.5 f o r  a range o f  
Knudsen numbers i n  F i g u r e  1 1  a. T h i s  f i g u r e  shows t h a t  t h e  l a r g e s t  differ- 
. 
ences o c c u r  I n  t h e  f r e e  m o l e c u l a r  f l o w  r e g i o n  so t h i s  I l m l t i n g  case Is 
compared fo r  v a r i o u s  speed r a t i o s  i n  F i g u r e  1 1  b. I n  a l l  o f  these  compari- 
I 
sons, the r e f e r e n c e  term (N,/Nl)s=o was e v a l u a t e d  from C l a u s l n g ' s  r e s u l t s .  
F i g u r e  1 1  b shows t h a t  t h e  approx imate s o l u t i o n  i s  u s e f u l  for  a n  i n c r e a s -  
ing  range of L/D as t h e  speed r a t l o  i s  increased,  b u t  f o r  t y p i c a l  super-  
s o n i c  c o n d i t i o n s  t h e  approx ima t ion  appears adequate f o r  tubes w i t h  L/D C I. 
I n  o r d e r  t o  c a l c u l a t e  Pm/PIF i t  i s  necessary t o  a p p l y  the  c o r r e c t t o n s  
t h a t  have been developed. T h i s  1s accompl ished by the f o l l o w l n g  express ion .  
I V .  APPLICATION OF T1iE IMPACT PROBE TO FLIGHT MFASUREHENTS 
A. I n t r o d u c t i o n  
i s  v e r y  n e a r l y  equa l  t o  PU*  
I gas. Thus, the impact  p r e s s u r e  
dynamic f o r c e s  imposed on the  f 
speed o f  sound, impact  p r e s s u r e  has a weak 
, t h e  n e t  
p r o v i d e s  a 
1 g h t  veh i c 
a n  lndependent  measure o f  v e h l c l e  v e l o c i t y  
t h e  case f o r  r o c k e t  boos ted  v e h i c l e s  where 
. 
The impact  probe i s  w e l l  e s t a b l i s h e d  a s  a p r i m a r y  f l i g h t  i n s t r u m e n t  
i n  cont inuum f l o w s .  A t  f i l g h t  speeds I n  excess o f  1.5 or  2 t imes t h e  
dependence on Mach number and 
momentum f l u x  o f  t h e  f r e e  s t r e a m  
d i r e c t  measure o f  t h e  a e r o -  
e s t r u c t u r e .  I n  a d d i t i o n ,  If 
i s  a v a l l a b l e ,  wh ich  i s  u s u a l l y  
r a d a r  t r a c k l n g  i s  employed, 
t h e n  t h e  q u o t i e n t  o f  t h e  impact  p r e s s u r e  and t h e  square of  t h e  measured 
v e l o c l t y  g i v e s  t h e  l o c a l  ambient d e n s i t y  o f  the  atmosphere. 
s i  
Since the  f r e e  mo lecu le  response o f  an Impact probe Is determlned b y  
the  r e l a t i v e  r a t e s  a t  which molecules can e n t e r  and leave the probe a p e r t u r e ,  
and n o t  by the  momentum wh ich  they c a r r y ,  t h e r e  a r e  some n o t a b l e  d i f f e r e n c e s  
between the  f ree -mo lecu le  and cont lnuum response c h a r a c t e r l s t l c s .  The most 
obv ious  o f  these 1s a dependence on the f l r s t  power o f  f r e e  stream v e l o c l t y ,  
I n s t e a d  the second power, and a dependence on probe temperature.  I n  a d d l -  
t l o n ,  I t  w I l l  be shown t h a t  Mach number ( o r  speed r a t i o )  has a s l g n i f l c a n t  
e f f e c t  which Is r e l a t e d  t o  l n t e r n a l * g e o m e t r y  and, l n  f a c t ,  t h i s  I n t e r r e l a t e d  
e f f e c t  o f  Mach number and I n t e r n a l  geometry can be used t o  o b t a l n  d i r e c t ,  
independent measure o f  Mach number. 
The cont inuum and f r e e  molecule response l e v e l s  a r e  . the anchor p o i n t s  
f o r  the t r a n s l t l o n a l  c h a r a c t e r l s t l c s  o f  the probe wh ich  must be drawn p r i -  
m a r i l y  f rom exper iments  s i m i l a r  to  those d e s c r i b e d  I n  S e c t i o n  1 1 1 .  
procedures and assumptions I n v o l v e d  I n  r e d u c l n g  w i n d  tunnel  e x p e r l m e n t a l  
d a t a  t o  a form which can be a p p l i e d  t o  the  l n t e r p r e t a t l o n  o f  f l l g h t  measure- 
ment w i l l  be d l scussed  below. Free mo lecu le  response w l l l  be c o n s l d e r e d  
f i r s t  and expressed I n  terms o f  the  Independent v a r i a b l e s  whlch a r e  u s u a l l y  
a v a l  l a b l e  i n  f 1 I gh t  measurements. 
The 
B. Free  M o l e c u l e  Reglme 
Since no  c o l l l s l o n s  between mo lecu les  a r e  a l l owed ,  each spec les  of 
gas may be c o n s l d e r e d  Independent ly  and t h e  f l u x  o f  f r e e - s t r e a m  molecules 
of spec ies  ' 8  i ' I  th rough the a p e r t u r e  i s :  
where s i s  the  m o l e c u l a r  speed r a t i o  d e f i n e d  by 
=J&r-pi- x Mach number 
k = Boltzmann c o n s t a n t  
m = mass o f  a mo lecu le  
n = number densi  t y  of  the s p e c i e s  i n  the  f r e e  s t ream 
Too = temperature o f  the specles i n  the  f r e e  s t ream 
a0 
L and 
e n t e r i n g  t h e  a p e r t u r e  w i t h  l e n g t h  I and a n g l e  o f  a t t a c k  8 , w i l l  r e a c h  
t h e  probe c a v i t y .  A s i m i  l a r  e x p r e s s l o n  can be w r i t t e n  f o r  t h e  f l u x  o f  
mo lecu les  l e a v l n g  t h e  probe c a v i t y  i n  wh ich  case 
t h e  C l a u s l n g  f a c t o r .  Equl l i b r i u m  r e q u i r e s  t h a t  the t w o  f l u x e s  be e q u a l .  
T h e r e f o r e  I f  the s u b s c r i p t s  a and m r e f e r  t o  f r e e  s t ream and probe 
c a v i t y  cond i  t l o n s  r e s p e c t i v e l y ,  
w ( 2  , s ,  8 ) i s  t h e  p r o b a b i l i t y  t h a t  a f r e e  s t ream molecule,  a f t e r  
L ~(1, 0, 0) i s  s i m p l y  
Now i f  1, i s  expressed i n  terms o f  the  f r e e  s t ream v e l o c i t y  (U) 
and speed r a t l o ,  the  p a r t i a l  p ressure  response i n  t h e  probe c a v l t y  f o r  
s p e c l e s  i i s  . 
X(S)  
I f  the  speed r a t i o  i s  g r e a t e r  than 2 ,  the f u n c t i o n  - i s  w i t h i n  a 
f r a c t i o n  o f  a p e r c e n t  of u n i t y .  Then, i f  t h e  r a t i o  o f  the "w'' p r o b a b i l i t y  
f u n c t i o n s  a r e  expressed as W ( f ,  s ,  8 ) t h e  summation o f  a l l  p a r t i a l  p r e s -  
2 f i s  
s u r e s  Is 
I n  a gas m i x t u r e ,  the  h e a v i e r  mo lecu les  have a l a r g e r  speed r a t i o  
and a c o r r e s p o n d i n g  l a r g e r  va lue f o r  W .  Therefore,  t h e  Impact probe 
d i s c r i m i n a t e s  to  f a v o r  a l a r g e r  c o n c e n t r a t i o n  o f  heavy molecules i n  t h e  
gauge c a v i t y  t h a n  i n  the  f r e e  stream. 
Now i f  a f r e e  s t ream mean m o l e c u l a r  w e i g h t  i s  def ined:  
and  s i m i  l a r l y  a mean speed r , a t i o  among a l l  spec ies  s=u/d%Ta , 
t hen  Pm I s  w r i t t e n  I n  f i n a l  f o r m  
F i g u r e  12 shows a p l o t  o f  the f u n c t i o n  W versus the speed r a t i o  f o r  
c o n s t a n t  v a l u e s  o f  a p e r t u r e  l / d  and f o r  z e r o  a n g l e  o f  a t t a c k .  I t  i s  seen 
t h a t  i f  t h e  speed r a t i o  a s s o c l a t e d  w i t h  the i n d i v i d u a l  spectes does n o t  v a r y  
f rom the  mean by more than 10 o r  20&, t hen  the r a t i o  W ( S  ) / W ( s )  can be 
expressed  I n  t h e  approx ima te  form 
Si 
W ( S ; ) / W ( S )  = l - B + B s  
where B = - 2 &J 
the e x p r e s s i o n  under the  summation can be s Now, n o t i n g  t h a t  
w r i  t t e n  
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j . 
A p r e l i m i n a r y  a n a l y s i s  i n d i c a t e s  t h a t  for  a l l  p o s s i b l e  comblna t lons  
o f  m o l e c u l a r  and a t o m i c  n i t r o g e n  and oxygen i n  the  atmosphere, t h e  s u m -  
t i on  . E  % d r  v i s  w i t h i n  1 or 2% of u n i t y .  Thus, t h e  f r e e  
"aJ m a  
s t ream d e n s i t y  I s  expressed i n  terms o f  the  measured parameters 
p2 
A n o t e  o f  c a u t i o n ,  however, i s  i n  o r d e r  r e g a r d i n g  the  b e h a v i o r  of 
I 
a t o m i c  s p e c i e s .  The response r e l a t i o n s h i p  which has been d e r i v e d  t a c i t l y  
assumes the absence o f  any recombina t ion  w i t h i n  t h e  probe a p e r t u r e  o r  
c a v i t y .  The v a l i d i t y  o f  t h i s  assumpt ion s h o u l d  be c r i t i c a l l y  i n v e s t i g a t e d ,  
p a r t l c u l a r l y  w i t h  r e g a r d  t o  recombina t ion  a t  t h e  probe w a l l ,  b e f o r e  f r e e  
molecu le  probes of any d e s c r i p t i o n  a r e  a p p l i e d  t o  upper  atmosphere measure- 
ments where s i g n i f i c a n t  decomposi t ion e x i s t s .  
r e s u l t  depending on the e x t e n t  of  recombina t ion .  
F r r o r s  as l a r g e  a s  30$ can 
I f  an i o n i z a t i o n  type  sensor I s  used i n s t e a d  o f  a p r e s s u r e  sensor,  
the  m o l e c u l a r  number d e n s i t y  i n  the  probe c a v i t y  i s  the  q u a n t i t y  which I s  
measured and must be r e l a t e d  t o  f r e e  s t ream c o n d i t i o n s .  The response r e l a -  
t i o n s h i p  i s  s i m i l a r  t o  t h a t  f o r  t h e  p r e s s u r e  sensor b u t  i s  m o d l f l e d  to 
account  f o r  the  v a r i a t i o n s  i n  i o n i z a t i o n  gauge response w l  t h  r e s p e c t  t o  
gas spec les .  
I f  ti, Is t h e  i o n i z a t  
gauge c a v i  t y  number dens1 t y  
on gauge c a l i b r a t i o n  for  spec 
response Is: 
es i ( 8 ,  t h e  
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L 
... 
d r n  
The t o t a l  i n d i c a t e d  gauge d e n s i t y  r e l a t i v e  t o  the  mean m o l e c u l a r  w e l g h t  o f  
the f r e e  s t ream Is 
Thus ambient  densi  t y  can be w r i t t e n  
P m  
Here t h e  q u a n t i t y  t o  be summed i s  the same as t h a t  f o r  p r e s s u r e  response 
e x c e p t  for  t h e  a d d i t i o n a l  gauge c a l i b r a t l o n  f a c t o r s ,  C i  . I t  Is not 
expec ted  t h a t  C w i  1 1  d i f f e r  a p p r e c i a b l y  for  t h e  p r l n c i p a l  spec les  p r e s e n t  
i n  t h e  atmosphere, and t h e  va lue  o f  t h e  summation w i l l  be v e r y  n e a r  un l t y .  
Four  n o t a b l e  d i f f e r e n c e s  are seen between t h e  f r e e  m o l e c u l e  and con- 
t inuum response c h a r a c t e r i s t i c s .  F l r s t ,  the f r e e  mo lecu le  response depends 
on t h e  f i r s t  power o f  probe v e l o c i t y  r a t h e r  than v e l o c i t y  squared; second, 
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t h e r e  i s  a d i r e c t  dependence on probe temperature and ambient mean mole- 
c u l a r  we igh t ;  t h i r d ,  t h e r e  I s  a dependence on probe i n t e r n a l  geometry and 
a t t i t u d e  th rough  the f u n c t i o n  W ; and, f i n a l l y ,  t h e  e f f e c t s  o f  recomblna- 
t i o n  and o t h e r  chemical  r e a c t i o n s  w i  t h i n  the probe a p e r t u r e  and c a v i t y  
must be accounted  for .  
The W f u n c t i o n  i s  a measure o f  t he  probabi  l i  t y  t h a t  a d l r e c t e d  
mo lecu le  w i t h  speed r a t i o  s w i  I1 t r a v e r s e  the  a p e r t u r e  l e n g t h  1 com- 
pared w i t h  the  probabi  1 i  t y  o f  molecules w l  t h  a random v e l o c i t y  d i s t r i b u t i o n .  
When S , and/or e/d a r e  zero,  the va lue  o f  W i s  un l  t y .  A t  h i g h  speed 
r a t i o s  and f i n i t e  a p e r t u r e  . f /d , the f r e e  s t ream mo lecu le  can p e n e t r a t e  
deep i n t o  the  a p e r t u r e  be fo re  encoun te r ing  the w a l l  and W becomes g r e a t e r  
than 1 .  R e f e r r i n g  a g a i n  t o  F igu re  12, i t  i s  seen t h a t ,  f o r  l a r g e  speed 
r a t i o s ,  a p e r t u r e  l eng ths  t h a t  a re  j u s t  a f r a c t i o n  o f  t he  d iamete r  produce 
s i g n l f l c a n t  i nc reases  i n  probe response. 
The e f f e c t  o f  f l i g h t  a t t i t u d e  a n g l e  ( 8 )  i s  e s s e n t i a l l y  t o  move t h e  
d i s t r i b u t i o n  o f  f i r s t  c o l l i s i o n s  w i t h  the w a l l  f o r w a r d  i n  t h e  a p e r t u r e .  
Th is  e f f e c t i v e l y  c u t s  o f f  the a p e r t u r e  l / d  and the va lue  o f  W Is 
a p p r o p r i a t e l y  reduced. 
t i o n  i n  p r e s s u r e  w i t h  
a p e r t u r e  L/D = 1 .  The r e d u c t i o n  i s  15% f o r  8 = 20'. Therefore,  If 
Hughes and deLeeuw (1964) c a l c u l a t e  a 5f reduc- 
8 = 10' f o r  a probe a t  Mach number 5 w i t h  an 
f r e e  mo lecu le  probes w i t h  l ong  a p e r t u r e s  a r e  f l own  a t  h i g h  speed r a t l o s  
t h e  a t t i t u d e  o f  t he  probe must be c a r e f u l l y  c o n t r o l l e d .  
The d i s c r i m i n a t o r y  c h a r a c t e r i s t i c s  o f  the impact tube wh ich  f a v o r  
the  h e a v i e r  mo lecu les  appear t o  be o f  l i t t l e  consequence, p r o v l d e d  t h e  
mean m o l e c u l a r  we igh t  o f  the f ree  s t ream I s  a p p l l e d  t o  the speed r a t i o  
and t h e  gas c o n s t a n t  f o r  the probe c a v i t y  molecules.  The e f f e c t s  of  mole- 
c u l a r  recomb ina t ion ,  however, can be a s i g n i f i c a n t  source of e r r o r  i f  l a r g e  
c o n c e n t r a t i o n s  o f  a tomic  species a r e  I n v o l v e d .  
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C. T r a n s i t i o n a l  Regime 
I t  was shown i n  Z e c t i o n  I I  t h a t  f o r  probes w i t h  s h o r t  a p e r t u r e  
l e n g t h s ,  t h e  parameter Re (E)' p r o v i d e d  good c o r r e l a t i o n  f o r  
e x p e r i m e n t a l  d a t a  between Mach numbers 1 t o  IO o v e r  the  e n t i r e  range of 
2 Pal 
t r a n s 1  t i on .  Since t h e  s h o r t  a p e r t u r e  geometry a l s o  lends I t s e l f  r e a d i  ly 
t o  f l i g h t  a p p l i c a t i o n s  because o f  s h o r t  response t imes and r e l a t i v e  Insen-  
s i  t i v i  t y  t o  a n g l e  o f  a t t a c k ,  t h e  i n t e r p r e t i v e  procedure  developed below 
fo r  f l i g h t  measurements i n  the  t r a n s i t l o n a l  f l o w  regimes w i l l  be based 
on response c h a r a c t e r i s t i c s  s i m l l a r  t o  those measured f o r  t h e  probe 
P - D '  
' m  '0 S e r i e s  A c o n f l g u ' r a t i o n .  That i s ,  the  response parameter  
m o n o t o n i c a l l y  v a r y  from z e r o  to  u n i t y  i n  t h e  i n t e r v a l  o f  about  a t w o  o r d e r  
o f  magni tude change i n  Reg(&)' p2 ' and w i  1 1  be independent  o f  speed r a t l o  
and probe tempera ture .  The exper lmenta l  ev idence argues s t r o n g l y  f o r  t h i s  
assumpt ion  i n  cases where t h e  probe temperature i s  h e l d  equa l  to  the f r e e  
s t ream t o t a l  temperature.  However, i n  cases where t h e  probe tempera ture  i s  
l e s s  than steam t o t a l  temperature,  t h e r e  a r e  e q u a l l y  s t r o n g  i n d i c a t i o n s  o f  
a non-monotonic response c h a r a c t e r i z e d  by undershoo t ing  the  f r e e - m o l e c u l e  
l e v e l .  W h i l e  t h i s  l a t t e r  s i t u a t i o n  w i l l  most a s s u r e d l y  p r e v a i l  I n  a c t u a l  
f l i g h t  measurements where t h e  probe w l l l  be h e l d  a t  a f i x e d  t e m p e r a t u e  
c o m p a t i b l e  w l  t h  i t s  a s s o c i a t e d  I n s t r u m e n t a t i o n ,  t h e  monotonic  response func- 
t i o n  w i l l  be used f o r  purposes of  I l l u s t r a t i o n  and t h e  changes I n  the  pro-  
cedure  necessary for t h e  accommodatlcn o f  probe c o o l i n g  e f f e c t s  w i l l  be 
i ndl ca ted.  
I f  t h e  response f u n c t l o n  I S  r e p r e s e n t e d  by "F" , t h e n  
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Normal i z ing  a l l  pressures w i t h  p U 2  , the'mornentum f l u x  o f  the amblent 
stream and r e a r r a n g l n g  
. 
The free-molecule response was glven i n  E q .  (27) 
I 
where S i s  def lned:  m 
The continuum response, or Raylelgh pressure,  Is gtven 
and fo r  y = 7/5 and Mach numbers g r e a t e r  t h a n  1.5 t h e  e x p r e s s l o n  can 
be s l m p l i f l e d  to 
I I 
=091 [ I  + l] = 0.91 [ I  t -1 P U 2  2yM2 
2 
T h e r e f o r e  t h e  r a t i o  o f  measured pressure  to pU i n  the t r a n s i t i o n a l  flow 
regime i s  g i v e n  below 
- =091 [ I  +h2] + [ Sm -091 ( I +A)] F [ R O 2 ( x )  P 2  4 3 
P U 2  
F i g u r e  13 shows t y p i c a l  v a r i a t i o n s  o f  t h i s  r a t i o  f o r  c o n s t a n t  va lues  o f  
S rn u s i n g  t h e  response f u n c t i o n  F , taken from F i g u r e  5 fo r  
t h e  probe Ser ies  A geometry. 
I t  i s  now e v i d e n t  t h a t  probe c o o l i n g  e f f e c t s  can be i n t r o d u c e d  w l t h -  
v a l u e s  f o r  
not  be d i f f  
to  t h e  f r e e  
out undue c o m p l i c a t i o n  i f  t h e  data a r e  o r g a n i z e d  i n  terms o f  c o n s t a n t  
2 
t h a t  Is Tm/U = c o n s t a n t .  T h i s  would sm ' he parameter 
c u l t  t o  manage I n  the w ind  t u n n e l  because U i s  n e a r l y  equa l  
2 
s t ream t o t a l  tempera ture  f o r  Mach numbers g r e a t e r  than 3 or 4. 
p2 ' as  w e l l  a s  Re (-)% 
2 &  
I n  t h i s  case, the  f u n c t i o n  F would depend on 
and a new s e t  o f  p l o t s  s l m l l a r  to those i n  F i g u r e  13 wou ld  be generated. 
The advantage of  o r g a n i z i n g  t h e  data I n  t h i s  f o r m  i s  t h a t  t h e  parameter  
S i s  known d i r e c t l y  from t h e  f l i g h t  measurements. 
m I.. 
The o t h e r  twoindependent v a r i a b l e s ,  " S ' '  and Re (B)' cannot  
2 fa0 
be known d i r e c t l y  and i t  w i l l  be necessary to  make p r o v i s i o n a l  estimates 
from va lues  o f  d e n s i t y  and temperature g i v e n  i n  the s t a n d a r d  
i s  d i  r e c t  l y  p r o p o r t  lona t a b l e s .  F o r t u n a t e l y ,  Re (-) 
s t ream Knudsen number b u t  o n l y  weakly  dependent on speed r a t  
f 2  3 - 1  
2 Po0 
atmosphere 
to  f r e e  
o and ambient  
temperature.  (See F i g u r e  14). The o t h e r  speed r a t i o  dependent f u n c t i o n  
1 + -  I 
2 i s  a l s o  o f  l i t t l e  s i g n i f i c a n c e  f o r  speed r a t i o s  g r e a t e r  than 4s 
1.5. For example, a lo& e r r o r  i n  e s t i m a t i n g  ambient  temperature fo r  t h e  
c a l c u l a t i o n  o f  speed r a t i o  y i e l d s  e r r o r s  I n  
speed r a t i o  1.5 and 0.3$ e r r o r  a t  speed r a t i o  3. 
1 + - ' o f  only I$ a t  2 
4 s  
S i m i l a r l y ,  F i g u r e  12 shows the probab i  l i t y  f u n c t i o n  W used I n  t h e  
to  be l i t t l e  a f f e c t e d  by speed r a t i o  f o r  s m a l l  a p e r t u r e  I / d  
'm e v a l u a t i o n  o f  
and t h u s  a g a i n  i n s e n s i t i v e  t o  the e s t i m a t e  o f  ambient  temperature.  
The dens1 t y  i s  thus determined from measurements o f  impact p r e s s u r e  
and f l i g h t  v e l o c i t y ,  p r o v i s i o n a l  e s t i m a t e s  o f  d e n s i t y  and temperature and 
a n  i t e r a t i v e  procedure u s i n g  E q .  (36) w h i c h  w i  1 1  g i v e  s u c c e s s i v e l y  improved 
c a l c u l a t i o n s  of d e n s i t y  and t h e  parameter  R e 2 ( E ) &  . Ambient tempera- 
t u r e  can a l s o  be drawn i n t o  t h e  i t e r a t i o n  by t h e  procedure o u t l i n e d  below. 
D .  
I f  
descend 
D e t e r m i n a t i o n  of RT from D e n s i t y  P r o f i l e  Measurements 
a success ion  of  d e n s l t y  measurements a r e  made 
n g  t r a j e c t o r i e s  such as Is t h e  case f o r  sound 
o v e r  ascend ing  or 
n g  probes and s a t e  1 1  1 t e  
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L 
c 
b o o s t e r s ,  the  r a t e  o f  v a r l a t l o n  o f  d e n s i t y  w i t h  a l t l t u d e  g i v e s  a measure 
o f  a tmospher ic  s p e c l f l c  energy,  The r e l a t l o n s h l p  Is d e r l v e d  
f r o m  t h e  s ta tement  o f  e q u i l l b r i u m  o f  f o r c e s  a c t l n g  on an e lementa l  volume: 
,K T = RT . m 
R e w r l t l n g  t h i s  e q u a t i o n  I n  terms o f  RT g i v e s  the r e q u i r e d  r e l a t i o n s h i p :  
Values o f  RT a l t i t u d e  g r a d i e n t s  a r e  used f rom the s t a n d a r d  atmosphere 
t a b l e s  f o r  the in1  t i a l  t r l a l  c a l c u l a t i o n  and success lve  Improvements a r e  
d e r i v e d  f r o m  a n  i t e r a t l v e  procedure. 
A more d i r e c t  d e t e r m i n a t l o n  o f  RT i s  f e a s l b l e  i n  the  f r e e  molecu le  
reg ime where the  l n t e r r e l a t l o n s h i p  between t h e  e f f e c t s  o f  I n t e r n a l  geometry 
and speed r a t l o  can be e x p l o i t e d .  R e f e r r i n g  a g a i n  t o  F i g u r e  IS, I t  Is seen 
t h a t  I f  s l m u l  taneous measurements a r e  made w i  t h  probes wh ich  a r e  I d e n t i c a l  
I n  e v e r y  r e s p e c t  e x c e p t  fo r  a p e r t u r e  l e n g t h  d iameter  r a t l o ,  then t h e  r a t l o  
of t h e i r  l n d i v l d u a l  response l e v e l s  Is a monotonlc  f u n c t l o n  o f  speed r a t l o .  
Thus i f  t h e  probe v e l o c i  t y  Is known, va lues o f  RT can be computed d i r e c t l y  
a l o n g  the  t r a j e c t o r y  from the  measured speed r a t l o .  T h i s  method Is p a r t l -  
c u l a r l y  a t t r a c t l v e  a t  a l t l t u d e s  above 90 KH where l a r g e  tempera ture  g r a d l e n t s  
43 
make the  RT d e t e r m i n a t i o n  from d e n s i t y  p r o f i l e s ,  d e s c r l b e d  above, more 
d l f f l c u l t .  I t  Is w e l l  to  note,  however, t h a t  t h e  a t t i t u d e  of t h e  probe 
wou ld  have t o  be c a r e f u l l y  c o n t r o l l e d  t o  a v o i d  t h e  d e g r a d i n g  e f f e c t s  of 
a n g l e  o f  a t t a c k .  
V .  Conc lud ing  Remarks 
Tile i n v e s t i g a t i o n s  w i I i c l i  t.ave been d e s c r i b e d  ac i e v e d  t ' . r e e  essen- 
t i a l  r e s u l t s .  F i r s t ,  the exper imenta l  response c k l a r a c t e r i s t i c s  of 
s e v e r a l  Impact  probe c L n f i g u r a t i o n s  were determine.d jver  n e a r l y  t h e  f u l l  
i n t e r v a l  o f  t r a n s 1  t i on  betxeen t t le  f r e e - m o l e c u l e  and cont inuum f l o w  
regimes and o v e r  a w de range o f  Mactl numbers. 
des igned to  d i s t i n g u  s l ~  bet;,een i n t e r n a l  and e x t e r n a l  t r a n s i t i o n  e f f e c t s  
and the  r e s u l t s  s,iow a p r o f o u n d  i n f l u e n c e  o f  b-lt!i Macii n..nber and probe 
a p e r t u r e  l e n g t h  on  t h e  e x t e n t  o f  t l le  t r a n s i t i o n  i n t e r v a l .  The r e s u l t s  
a l s o  i n d i c a t e  t h a t  t h e  t r a n s l t i o n  i n t e r v a l  can be m in im ized  t o  about  two 
o r d e r s  o f  magni tude i n  Knudsen number by employ ing  probes w i  t h  v e r y  s11Ct-t 
a p e r t u r e  l e n g t h s  and l a r g e  c a v i t y  d imensions r e l a t i v e  t o  the  a p e r t u r e  
TI,e c o n f i g u r a t l m s  were 
d 1 ame t e r . 
Secondly, a t h e o r y  based on a " f i r s t  c o l l i s i o n "  m o d i f  c a t l o n  t o  t h e  
f r e e - m o l e c u l e  model was developed w h i c h  accounted  f o r  much o f  t h e  experl- 
m e n t a l l y  observed i n t e r n a l  and e x t e r n a l  probe c h a r a c t e r i s t t c s .  Ttie f r e e -  
mo lecu le  t h e o r y  was a l s o  extended t o  probe geomet r les  wh lch  l a c k  the 
i d e a l l z e d  s l m p l e  a p e r t u r e  and l a r g e  c a v l  t y  c o n f l g u r a t l o n  p r e v l o u s l y  
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t r e a t e d  by o t h e r  I n v e s t t g a t o r s .  
F i n a l l y ,  t he  technlques f o r  a p p l y i n g  the impact  probe to  the  c a l l -  
b r a t l o n  o f  l o w  d e n s i t y  w ind  t u n n e l  nozz les  and t o  f l l g h t  measurements I n  
t h e  t r a n s i t i o n a l  Knudsen number regime were deve loped and d lscusscd.  The 
fo rmer  i n v o l v e s  a s t r a l g h t  f o r w a r d  s e p a r a t i o n  o f  n o z z l e  v i scous  e f f e c t s  
f rom probe e f f e c t s  I n  t h e  t r a n s i t l o n  regime and can be e a s i l y  accornpl lshed 
by employ ing  a s e t  o f  g e o m e t r i c a l l y  s i m i l a r  probes wh lch  a r e  r e l a t l v e l y  
i n s e n s i  t i v e  t o  Mach number changes. Probe c o n f i  g u r a t l o n s  w i  t h  s h o r t  aper-  
t u r e  l eng ths  and l a r g e  c a v i t y  dtameters m e e t  the l a t t e r  requi rement  and 
the  genera l  procedure i s  i l l u s t r a t e d  i n  S e c t i o n  I t  E. 
A p p l i c a t i o n  o f  t he  impact probe t o  f l i g h t  measurements Is more 
t e d l o u s  and depends upon the  o t h e r  measurements wh ich  a r e  a v a i  l a b l e .  
S e c t i o n  I V  t r e a t s  the case f o r  the d e t e r m i n a t i o n  o f  a tmospher l c  d e n s l t y  
when the  p r o b e ' s  speed, a l t i t u d e  and temperature a r e  known, t o g e t h e r  
w l  t h  the measured Impact p ressu re  and a p rede te rm ined  probe c a l i b r a t i o n .  
There a r e  s e v e r a l  aspects  o f  the i n v e s t i g a t i o n  i n  wh lch  the r e s u l t s  
were I n d e c i s i v e  and Incomplete.  The most n o t a b l e  o f  these a r e  t h e  e x t e n t  
t o  which the  t h e o r y  was a p p l i e d  t o  the e x p e r i m e n t a l  data,  t he  e x p e r i m e n t a l  
e f f e c t s  and t h e o r e t l c a l  e f f e c t s  of  probe c o o l i n g ,  and a d e c l s l v e  e x p e r l -  
men ta l  demons t ra t i on  o f  f ree -mo lecu le  c o n d i t i o n s  f o r  t he  probe. I t  was 
an u n f o r t u n a t e  c i r cums tance  o f  the program t h a t  t h e  development of t h e  
t h e o r y  i n  i t s  f i n a l  and most p r o m i s i n g  fo rm came t o o  l a t e  t o  I n f l u e n c e  
t h e  course o f  t he  exper iments  o r  to  p e r m i t  even the  l a r g e  number o f  c a l c u -  
l a t l o n s  necessary t o  compare I t  wi th a l l  o f  the  measured data.  The most 
i n t e n s e  I n t e r e s t  n a t u r a l l y  cen te rs  around the probe c o o l l n g  da ta  because 
of  t h e  u n e x p l a i n e d  u n d e r s h o o t i n g  e f f e c t  and I t s  d l r e c t  a p p l l c a t t o n  to 
f l i g h t  measurement. 
An e q u a l l y  i n c o n c l u s i v e  s t a t e  o f  a f f a i r s  e x i s t s  r e g a r d l n g  t h e  ex- 
p e r i m e n t a l  achievement o f  f ree -mo lecu le  c o n d i t i o n s .  I n  s p l  t e  o f  the  
f a c t  t h a t  Knudsen numbers approaching and exceed ing  t e n  were ach ieved  
w i t h  the S e r i e s  A probes a t  Mach number 1, 3 and 6, and t h a t  t h e  c o r r c -  
spond ing  response l e v e l s  were w i t h i n  a few p e r c e n t  of t h e o r e t l c a l  f r e e -  
mo lecu le  va lues ,  t he  exper imen ta l  data showed l i t t l e  i n d i c a t i o n  o f  
a s y m p t o t i c a l l y  app roach ing  the f ree -mo lecu le  l e v e l .  I t  would appear 
t h a t  new exper iments  des igned t o  produce Knudsen numbers o f  a t  l e a s t  30 
w i  1 1  be necessary  t o  complete t h e  t r a n s i t i o n  i n t e r v a l  fo r  s h o r t  a p e r t u r e  
probes. Such exper imen ts  a r e  f e a s i b l e  i n  t h e  P o i n t  Mugu H y p e r a l t f t u d e  
Fac i  t i  t y  u s i n g  a l a r g e r  nozz le  and a more e f f i c i e n t  d i f f use r -c ryopump 
c o n f i g u r a t i o n .  
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PARTING PLANE FOR 
SONIC NOZZLE 
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Figure  1 .  Low Density Nozzle Conf igura t i  
MACH 
D* 
0 
ons. 
NO. IO 
= . 7 2 c m  
= 30.5cm 
T 
00 
mn K 
Notz 1 e '!I 
0.33 12.2 
0.13 31.7 
0.071 57.0 
~ 
1.9 0.06 
3.5 0.18 
4.6 0.30 
290 I 2.90 3.05 3.16 3.29 3.38 3.47 I 0.041 0.061 0.123 0.256 0.520 0.13 
0.62 
0.41 
0.25 
0.15 
0.11 
7.11 15.5 1.46 
0.53 3.3 0.04 
0.70 5.5 0.08 
0.96 7.6 0.19 
1.46 9.9 0.41 
1.82 11.2 0.62 
290 5.53 
5.91 
6.28 
6.58 
6.74 
b.78 
TABLE I 
LOW DENS1 TY NOZZLE PROPERTI ES 
Re/cm 
4.5 
11.7 
21.1 
42.5 
78 .O 
sonic 0.023 290 1 ,o 
1 . I  0.019 
2 .o 
I .2 
0.89 
0.49 
0.25 
2 1  1 
0.63 
1 .OO 
1.29 
2.18 
4.00 
7 .O 
2.3 
4 .8 
6.6 
9.5 
12.8 
3 I 0.020 1 ;j 
39 
0.06 
0.12 
0.18 
0.37 
0.67 
I 0.51 1 .oo 2 .oo 4.07 5.94 8.11 10.14 13.3 21.6 37 .O , 66.4 89 .O 120 1 47 0.08 0.07 
0.14 
0.09 
0.19 
0.17 
0.11 
0.44 
0.40 
0.51 
6.4 
7.6 
8.9 
0.16 
0.22 
0.44 
v) 
C 
0 .- 
U 
I 
(0 
3 ol .- 
r e .  
C Q )  
0 1  
CiU 
E c  - a  
N 
CJ 
3 
0, 
LL 
I 
.- 
II 
0 0 0 0 0  0 0 0 0 0  
N C V C V y c u  c u c u c u ~ c \ !  
0 0 0 0 0  0 0 0 0 0  4- 
* o o o o  0 0 0 0 0  
0 - c u l n n q  - - - - -  
0 0 0 0 -  0 0 0 0 ~  I 
W t  
Wl- J, 
in 
\ LN2 COOLING LINE 
SOLENOID VALVE 
VALVE .COOL1 NG 
F i g u r e  3. Impact Probes Moun t ing  Arrangement. 
Y 
L I 
--, 
(1 - 
c 
l -  
0 
9 - 
n 
c 
Y 
- 
0 
0 z 
a 
al 
VI 
v) 
9) a 
n 
0 
L 
0 
U 
lJ 
CD 
CL 
E 
a 
VI 
Q, 
I 
-0 
d 
. 
.. 
c 
I E  +- 
X 
0 
/o 
2.2 
2.0 
I .8 
I .6 
I .4 
I .2 
I .c 
---- THEORY 
Tw = TO 
MACH NUMBER= 1.0 
Figure 6a. Series B Impact  Probe e/d Effects, Mach No. 1. 
1 
K"D 
0 2.99 5 9  
0 3 29 I 9  
X' 3 38 I .o 
MACH 
, NUMBER 
I 
0 3.47  0.52 
THEORY ----- 
Tw = TO * 
2.0 
I .8 
I .6 
Pm 
PO' 
- 
I .4 
I .2 
I .o 
Figure  6b. Ser ies  B impact Probe A/d  E f f e c t s ,  Mach No. 3. 
a 6 .  I9 
0 6 . 5 5  
X 6 . 8 4  0 . 2 7  
THEORY - - -- 
T, = To 
2.0 
0 
B 
0 
I .8  
9.77 .761 
I O  .25 .665 I 
I O  .88 .439 
I .6 
1.4 
I .2 
I .o 
0 
K"D 
MACH I NUMBER I I 
: I .o 1 
' 
1 
> 
0 
F i g u r e  6d. S e r i e s  B Impact Probe .d/d E f f e c t s ,  Mach No. IO. 
-- 
0 
L * I cu 
I 
D 
I 
I 
I 
or 
i 
T 
I I 
n cu 
I 
1 
0 o! a 
0 0 - 
c 
-0 - 
i 
T 
3= oa -Jw 
Zl- *+ 
1-- 
0 
0. i 0.2 
Figure  I l a .  
c 
0.4 0.6 0.8 1.0 20 
L I D  
V a r i a t i o n  o f  Pressure  R i s e  Across 
a Tube With L/D. S o l i d  Curve: 
Numer i ca 1 Approach o f  de Leeuw 
and Rothe (1962); Dashed Curve 
Eq.  ( 1 7 ) .  
. 
0. I 0.2 0.4 0.6 0.8 1.0 2 .o 
LID 
F i g u r e  l i b .  V a r i a t i o n  of Pressure R ise  Across a lube 
With L/D. S o l i d  Curve: Numerical Approach 
of de Leeuw and Rothe (1962) ; Dashed Curve 
Eq. ( 1 7 ) .  
4.2 
3. a 
3.4 
3.0 
2.6 
2.2 
1 8  
I . 4  
I .o 
,I L L  
i-- 
I 
T-- 
0 
F i g u r e  12. Free Molecule Impact Probe L/D E f f e c t s .  
. 
E 
2 
D 
0 
E 
Y 
m -  
0 - 
\ 
E 
Y 
0 
0 
(u 
I 1  
X 
U 
x 
I 
0 
- 1: 
11 
E tn 
E 
Y 
0 
0 
Q 
11 
X 
4 x 
X 
Q 
- 
0 
N 4 
0 .. 
c 
. 
0 4  
0.2 
0.2 
0. I 
c 
4 6 8 
SPEED R A T I O ,  S 
F i g u r e  14.  riatio ti on o f  t h e  R a t i o  
w i t h  Speed R a t i o .  
Y 
